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Introduction

| Introduction

1 Early plant recordsf the conquest of land

Thegiant sequoia, spined cagctiolourful orchidsthe Venus flytrap and dense fern forestg

is hardly imaginable, buhe whole plethora ofterrestrial plants evolved from aommon
ancestoremergedfrom freshwaterstreptophytegreen algapioneers While the classification

of landplants as a monophyluseems to beesolved, the exact position of bryophytes as well
as their phylogenetic relationship to the vascular plamtas a matter of controversfGensel
2008; de Vries and Archibald 2018he bryophytes comsethree divisions, namely mosses
(Bryophyta), liverworts (Marchantiophyta) and hornworts (Anthatephyta). Since these
plants are inconspicuous amelated species ardifficult to distinguish from each othewhich
leads to insufficient classification and redundanttyere is a widely differing information
about theactualnumber of representativesyith conservative estimates 0f2J000 toabout
20,000 (Hallingbéack 2000; Shaw et al. 2011; Tomescu et al.)281® up to 23,000pecies
(European Redlitenough to make it the second largest group after the flowering plaits.
these, the mosses form the largest group, followed by the liverworts, and at a great distance
by the hornworts, which have a low abundance bbat 100-250 specis Hallingback 2000;
Shaw and Renzaglia 2004; Villarreal et al. 2010; Soderstrom et a). Bloigever, which of
them can be considered most slely related to the vascular plants is not easily resolved and
is fiercely contestedSimilarly, thealgalpredecessor is highly debatedifnme et al. 2012,
Bowman 2013 especiallysince the sister taxon to the land plants was narrowed down to one
of the three higher charophyte lineageBhe Charophyceae ar@oleochaetophyceashare
several characteristics with Embryophyta, ld@gamous sexual reproductiogametophytic
plasmodesmata and more complex morphology, i.apical growth with branchingrhese
observations ledin the context ¢ phylogeneticanalysesto strong support especially for the
Charophyceaeas sistetaxonto the landplants(Graham 1996Kenrick and Crane 199;/arol

et al. 200). Zygnematophyceaén turn, although structurally simple, aseipported byrecent
extensive phylogenetic analys€Burmel et al. 2006; Timme et al. 2012; Ruhfel et al. 2014;
Wickett et al. 2014; Cheng et al. 2019; One Thousand Plant Transcriptomes Initiatiye 2019
possibly forming a clade with Coleochatophyceae (Wodniok et al. 2011)The lack of
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Introduction

advanced morphological traits rather implies an advantageous reductive evolution adapting
to semiterrestrial environment. This is supported by the findings of rudintary
phragmoplass, consequence of a possbreduction, in some Zygnematophyce#dl.three

of the aforementioned potential algal ancestors exhibit this characteristic and thus, together
with terrestrial plants, form the genus Phragmoplastoph(ttacointre and Le Guyader 2006;
Timme et al. 2012; Wickett et al. 2014; Delwiche and Cooper )200l%e idea that
Zygnematophyceaevolved from a structurally more complencestor and that reduced
filamentous or unicellular representativege.g. Desmidaleg, adapted to life in drier
environments through innovations.e. mucilagelack of flagellaseemsplausible(Delwiche

and Cooper 2015)

The following terrestrial conquest through bryophyikke species can be dated to the
mid-Ordovician period. Findings of macrofossils likAglaophyton and Horneophyton
(Devonian Rhynie Chert), both showing characteristics of bryophytes and vascular plants, and
Cooksoniaspec.,some of whichcan be seen as firstue vascular plants, provide evidence of

the late SilurianrDevonian radiation that caused species diversity to increase rafelyrick

and Crane 1997Bateman et al. 1998; Gensel 2008; Kenrick et al. 2012

Unfortunately, the pivotal phase in the evolutidrom algaeto bryophytesas well aghe
timely emergence of liverworts, hornworts and mosgesotfully covered by the fossil recoyd
especally since sructured featuresin form of macrofossilsvhich can provide information
abouttheir organsation and distinct characteristidsave not been discovere®Vhether this
is due to the lack of resistant structuresmd compounds that delay decand thus poor
fossilisationin earlyplant pioneers islebatable(Gensel 2008)Althoughbryophytes donot
possesdrue lignified plant partsphenolic ligninlike compoundsor respectivepathwaysare
in factknown, at least for recenbryophytes and even algal representativéBelwiche et al.
1989; Kroken et al. 1996; Ligrone et al. 2008; Espifieira et al. 2011g #vel Chapple 2010;
Renault et al. 2019)Accordingly,Tomescu et al(2018)showed that the actual record of
bryophyte fossils is much better than stated and fossilisapiotential indeed is on par with
nonlignified tissue of tracheophytes. Yet, assured bryophyigcrofosils only appear in
younger strata(mid-Devonian) and postdate findings of verified earscular plantgi.e.
Cooksoniapec; (Edwards et al. 1992pDther explanations considered includgternal factors

like the absence of fossiliferous rocks or the spatial distribution of early plants without access
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to depositional environments in th@©rdovicianor early Silurian (Wellman and Gray 2000;
Gensel 2008; Steemans et al. 2009 irect influences such as the small sizeswéhplants

or shed parts aailable for fossitation as well as human big&enrick et al. 2012; Tomescu et
al. 2018) The actual composition of the early terrestrial plant floratlerefore best
represented by microfossilehich date back to themid-Ordovician represented through
putative liverwort cryptosporegWellman et al. 2003; Steemans et al. 2009; Rstbin et al.
2010; Tomescu et al. 2018; Edwards et al. 1995 fact that the spore record goes back
much further can be attributed to the higluantity produced compared to plant individuals
effective dispersal into a wide variety of environmettisough wind and water and robust
sporopolleninaccretionthat prevents breakdowiKenrick et al. 2012T he liverwort affinities

of the oldestspecimendound, led to the assumption that these might be the most basal form
of land plants (Gensel 2008; Tomescu et al. 2QIB)ere are morphologicgbropertiesthat
speak for this assumption, like the absence of stomataliverworts which occur in
sporophytes of hornworts as well as mosddswever, it has been found that these structures
are functionally not homologous to the stomata of tracheophyteise. are not suitableto
regulategas exchangensteadcontributingto the desiccation of the sporophyig.ucas and
Renzaglia 2002; Pressel et al. 2018; Sussmilch et al. 2019; Pteabe2@L4) Obviously,
stomata were not essential, as evidenced by the occasional loss in both, hornwort and moss
representatives That liverworts have alsmerely lost this capacity is reasonabénd was
further substantiatedoy Harris et al(2020)recently(Villarreal and Renzaglia 2015; Renzaglia
et al. 2020) Individual features arguing for the basal placement of one bryophyte or another
are not sufficient for thee reasonsThis is also evidenced by pyrenoid®dies mainly
consisting of RuBisC@hich are present imlgae anchornworts but not in other bryophyte
clades. Pyrenoidwere likewiseaffected by losse¢Smith and Griffiths 1996; Villarreal and
Renner 2012) Therefore, early ambitious cladisticapproachesfocused on a variety of
morphological charactergMishler and Churchill 1984; Garbary and Renzaglia 1998)
ultrastructural featuressuch as male gametogenesiqGarbary et al. 1993dr combined
morphological classification with ribosomal RNA gene segeg(Mishler et al. 1994)The
ones mentioned represent onlynaexemplarysample of a large number approacheswhich
include molecular studies on the presence or absence of mitochondrial int(Qus et al.
1998)or genetic analyses with rpsct to single or few nuclear, mitochondria chloroplast
genes(e.g.Hedderson et al. 1996; Lewis et al. 1997; Duff and Nickrent)l&8®hasising
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different phylogeniesmainly focusing on bryophyteapaphyly.Nickrent et al(2000)thereby
provide an usefulsketchof the establishment of two competing models, that safccessive
bryophyte lineages wittbasal liverwortsand that of basal hornwortsvith monophyletic

mosses and liverworts

Advances in computational phylogemicsand transcriptomicsand availability of rapidly
growing databaseted tomultigene analyseg.g Qiu et al. 2006; Karol et al. 2010; Chang and
Graham 2011; Ruhfel et al. 2014ome ofwhicheventuallyadvocatedthe monophyly of the
bryophytesand endorsed the moss+liverwort clage/ickett et al. 2014; Nishiyama et al.
2004; Goremykin and Hellwig 2005; Cox et al. 20A4purth modelcomprisingthe latter
togetherwith the hornworts as sistetio the vascular plants completes the richness of models.
The hypothesisedtee topologiesof bryophyte evolution and relationshi vascular plants
are schematicallyoutlined by Wohl (2020)includingsupporting literature Renzaglia et al.
(2000 published a comprehensive study based ommalti dataset approach comprising
spermatogenesianorphological a well aswuclear and mitochondrial rRNA dgtaf. Duff and
Nickrent 1999; Garbary and Renzaglia 1998; Garbary et al.) M98i8h supports the
moss+liverwort cladevhich was resolved as setaphytaf. Renzaglia et al. 2018y Puttick et
al. (2018) Accordingly, lhe 2018 study supports three main topologiasffering only in the
position of hornworts therefore rejectingthe idea of successive sister lineagehich was
strongly supported to date by the comprehensive studyQud et al.(2006), and advocating
bryophyte monophylyThesecurrent opinion wasecently reaffirmed bysousa et al2019)
Harris et al(2020) Li et al.(2020) Zhang et al(2020) Su et al(2021)andthe One Thousand
Plant Transcriptomes Initiative 20180me authorgCox 2018; Sousa et al. 20B@ye already
discussed the incongruence ghylogeny inferred of molecular datdepending on the
particular sourcénuclear, mitochondrial, plastichucleotides, amino acidsNevertheless, the
consensus on the monophyly of the bryophytesd integrationof liverworts and mosses as
setaphyte clade seems to be consaditing. No matter how the phylogenissue is ultimately
settled, it has farreaching inplications for the notion of the primal life cydl&enrick 2018)A
completebryophyte paraphyly would imply a bryophyfige alternation of generations in the
last common ancestor(antithetic or intercalation theory, Bower 189(. The original
alternation of the haplontic algawith only a haploid multicellular generatiors thereby
extended bymitoses preceding the meiotic division of the zygofghis diploid intermediate

the matrotrophic sporophytewill develop and eventually becarindependent This theory
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fits well with the assumption of charophyteenalgae as direct ancestors of land plaatsl
has been widely acceptedn contrast, the monophyly of théryophytes could also
reintroducethe ideas of a pioneer withisomorphic(homologousjife cycle i.e.independent
gametophyte and sporophyt@and following opposite developments towards the bryophytes
developing the dominant gametophyt®r towards thetracheophyte lineageneading the
opposite direction This pioneetdineage would then be extinct, whildé extant haplontic
charophyte algae asecondarily aquatiaccording toStebbins and Hi{tL980) seeHarholt et

al. (2016) and also Shaw et al.(2011) Fossiked protracheophytes(Horneophyton
Aglaophyton in particularshow similar toevenisomorphig free-living generationsmaking
sporophytes recogsable only by the sporangiand larger form(Kenrick 1994; Blackwell
2003; Haig 2008; Niklas and Kutschera 2010; Ligrone et al. 2012; Kenrick/Zba®er the
iIsomorphy represents only an intermediate stage towards higher plants or the crossroads
between bryoplytes and vascular plantsdsucial This explains the great interest in the basal

phylogeny of terrestrial plantand will remain open for novelties for quite some time.

2 Classification and habgof Anthoceros agrestis

The hornworts(Anthocerotophytajare divided inthe two classed eiosporocerotopsidand
Anthocerotopsida with the field hornwort Anthoceros agrestisfamily Anthocerotaceae,
belonging to the latterlt can be found irGentral andSouthern EuropeNorth AfricaandNorth
America on sufficiently moist sitesn arable fields, wet rockendearth embankmentgFrahm
2011) A clear differentiation of the speciggthoceros agrestisA. punctatusandA. crispulus
is not apparent in literature. Often these are used synonymously. Accordingly, the callus
culture first introduced byBinding and Mordhors{1991) the line also used in this work, is
originally classifiedas A. crispulus now & A.agrestis The plant body ighe flat haploid
dominantgametophyte, asnother bryophytesput does not form leavesunlike the mosses
and some liverwortsTheplant growsin form ofarosette-shaped curlyand slitthallus(Frahm
2011)andlacks real specialised tissather than unicellular, filamentousnostlyunbranched
rhizoids The gametophytic thallus has embedded anther{di@le) and archegonia (female)
and is therefore monoicous. The biflagellate motile male gametes ()etepend like other
bryophytes on moist environment to swim to the female gamete (e§bg diploid zygote
resulting from the fusion develops into the apphyte (Frangedakis et al. 2021Jimilar to

mossesand as well limited to the sporophyte,stomata are presentbut probably not
5
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functionally homologous to those of vascular plafisessel et a[2014) see alsahapterl.l).

The eponymous unbranched ho#ike structure develops from a basal meristemd always
remains anchored to the parent gametophyteand is nourished by it(matrotrophy)
(Frangedakis et al. 202The high interest in t speciefAnthoceros agrestj®r hornworts in
general results fromquite uniquecharacteristics Among these arsymbiotic endophytic
Nostoccolonieshousedin mucilaginougavities AlthoughNostocalso occurs in other species
(Dodds et al. 199), its presence in the hornworis characteristicue to the formation of a
pore defined by cellsesemblingthe stomatal guard cellsf the sporophyte The poreallows
the symbiontto enter and is subsequenly closed (Renzaglia et al. 2008; Frangedakis et al.
2021) Further, unlike the other land plants (with exceptiorisy et al. 202)) there isonly one
large chloroplasper cellwith distinct channel thylakoids and central pyrenoidthe site of
RuBisO accumulation and important aa CQ-concentrating mechanispotherwise only
known in algagVaughn et al. 1992; Smith and Griffiths 1996; Renzaglia et al..Zlo8)
sporophyte also shows distinctive featureBhe first division of the zygote takes place
longitudinally, in contrast to the transverse divisiorliverworts and mossed he developing
sporophyte is charactesed by the continuous production of spores from the basal persistent
meristem, extending the sporangium from the basdjich is unique amondand plants
BEventually, setaare missing in comparison to other bryophyte clad&enzaglia et al. 2008;
Frangedakis et aR021) Other characteristics, such as fungal associationsmyeorrhizal
fungi (Glomeromycota, Mucoromycotihare not exclusivbut emphasisehe importance of
hornwortsin understanding basal plan(Read et al. 2000; Desiro et al. 2013pnsequently

in 2015, Szo6vényi et algave the geaheadfor establishingAnthoceros agrestias a model
species with the publication of the genome and protocols for cell culture, induction of

reproduction, and nucleic acid extraction.

3 Specialised compoundsAmthoceros agrestend related species

Plants have played an important role in the phanaceutical history of mankind. While
medicines from animals or mineralhave almost completely disappeared today,
phytomedicines are still used or individw@mpoundsare isolated and used as precursors for
semisyntheticdrugsor asprototype of newdruggroups.Secondary metabolitespmpounds
not involved in the primarynetabolismof the plant, are of greatest importanc&Vith the

beginning of the isolationf activeingredientslike morphine (Friedrich Sertirner, 180and
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numerous other alkaloids inubsequent yearsphytotherapy finally broke away from the
doctrine of signatureson the basis of which liverwort$or example,due to their visual
similarity to the human liver, were used against liver disedSedéim et al. 2008 Apart from
this application, preparations from bryophytes are rather known from Chinese or North
Americanindianfolk medicine Neverthelessa surprisingly diverse pool of wecompounds,
some of with cytostatic orantibiotic activity is known with liverworts being the most
extensively studiedwhile little work on hornworts has been dorfginsmeister et al. 1991)
This is consistent with reviews by Asakawa and colleagues, who have collected information on
more than a thousand bryophytes and 3000 compougMartinezAbaigar and Nufie@livera
2021) The largest group is formed by terpenoids, whichrame widely distributed among
liverwortsdue to theirstorage in specific oil bodigkan in mossesand hornworts. The latter
comprising only dew records i.e.some mone (e.g.limonene)and sesquierpenoids from
Anthoceroscaucasius, A.punctatus and A.agrestis (Ludwiczuk and Asakawa 20Hhd
literature cited therein) The second largest group is formed by phenolic compounds, followed
by a few nitrogenor sulfurcontaining onesln the following, the focus will be ahe second
and third group of metabolitessolated fromhornworts, i.e Anthoceros agrestias well ashe
attached synonymgA. punctatus A.crispulu3 and other relevant speciefOne striking
compound, thealkaloid anthocerodiazonirfFig. 1, a) containing a ningnembered ring
system was reported byfrennheuser et al1994) In addition, various glutamic acid amides
(Fig.1, b-d) are shown whictcompriseeither a hydroybenzoyl, derivativethereof, or an
isoferuloyl or a 4oumaroylmoiety, respectively(Trennheuser et al. 1994The latter two,
since containinghe characteristic€€6C3structure, belong to the phenylpropanoid¥histype

of compound playsan important role in terrestriaation. To colonse land habitats, the plant
pioneers had tacope with novekenvironmental factors, such as stress from-BVadiation,
drought, new pathogens, and herbivoredncorporation of phenolic compounds into lipid
polymers (cuticle) and spore walls (sporopollenin) or formatiolipad-phenolic cepolymers
(suberin) aramainlyland plant innovationand, like lignin, form mechanicahemical barriers
Lignin abiopolymer comprising of monolignatoieties ubiquitous in vascular plants also
essentialfor sessile lifeTo overcome the constrained habitahd enable veital growth,
formation ofrigid structureswithstanding gravityandenablingefficient transport systems.e.
vascular tissueare necessaryWeng and Chapple 2010; Niklas et al. 2017; Rgn2018)

Although there is no true lignin in algae and bryophytes, ther@dseasing evidence that
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initial elements as well as the enzymatic machinefyphenylpropanoid biosynthesisere
adopted early A CYP9&lependent formation of caffeoylthreaa acid component of the
lipid-phenolic cuticle matrix inPhyscortrium patens could be extant evidence of the
ancestor of suberin, cutiand lignin polymergRenault et al. 2017)n this regard, the moss
contans orthologs of all eight key lignin biosynthetic enzymes required for the biosynthesis of
4-coumaryl and coniferyl alcohgWweng and Chapple 201MWlarchantia polymorphas able

to activate a phenylpropanoid pathway in response to oomycete colonisg@anella et al.
2019) Originally seen as a unique feature of terrestrialisatdmVries et al(2021)state that
streptophyte algae already possessed candidates for the genetic toolkit of the biosynthesis of
phenylpropanoids. This is supported by several publicatiDeswviche et al(1989)reported
ligninlike compounds and sporopollenin in Coleochaetophycehe former confirmed by
Sgrensen et al2011) whereas flavonoids have been detected floe zygnematophyceaen
algaPenium margaritaceurfliao et al. 2020)-indings in planspecific metabolism, including
phenylpropanoids in basal organisms, and implications on terrestrialisation, were recently
comprehensively reviewed bRieseberg et al2022)The structure of phenylpropanoidss
based on (hydroxy)cinnamic acahd can befound in many other metabolitesncluding
flavonoids and associated anthocyaninsediating UMB tolerance generalabiotic stresses
and environmental interactions among other functions (eSgapleton 1992; Taylor and
Grotewold 2005; Dong and Lin 202The occurrence of flavonoids in algael&batableand

the definite confirmation of specifigenesis still pendingln contrast, flavonoids have been
confirmed in liverworts and mosseén exceptionare once again the hornworts, which,
althoughthought to be specific to land plantkck flavonoid¢Davies et al. 2020; Davies et al.
2021) Instead other promising phenylpropanoids were found, wh&akeda et al(1990)
reported the first isolation othe lignananthocerotonic acidKig.1, e) from A.agrestisalong
with megacerotonic aci@Fig.1, f) from Megaceros flagellarisvhichwere the first examples

of lignans from nonvascular plantwhereas descriptions for liverworts are available in the
meantime (Lewis and Davin 1999) short time later, hydroxymegacerotonic acid was also
reported in Anthoceros agrestifTrennheuser 1992)Lignansare diverse polyphenolic
compounds derived from the oxidative coupling ofot¢hydroxyginnanoyl moieties(C6C3)
commonlylinked 88', althoughthe structural motifs are not limited to this.ifflerent patterns

are sometimes called neolignans, although the definition has varied over (tiewis and

Davin 1999)Lignans exhibit a variety of biological acegjte.g. cytotoxic and antivirak(g.
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podophyllotoxin,Petersen and Alfermann 20@d literaturecited thereir), antifungal and
antimicrobiald a I Owl S ' yR ¢ 2 ¢ SNA wdhave Tietdriirele$adce dse S (i
phyto-estrogenic mammalian lignans enterodiol and enterolactone metabolised from
secoisolarciresind diglucoside or matairesinol through gastrointestinal bactgtiandete
2012) Thebiological activity of the hornwotignansis alnost unexplored. HoweveAdamu

et al. (2021) suggesta potential inhibiton of Trypanosoma brucedlternative oxidasefor
megacerotonic acidn addition to lignans, rosmarinic adigig. 1, g)an ester of caffeic acid
and 3,4dihydroxyptenyllacic acid andcommon product in higher plantsas well as the
standalone unitcaffeic acid were detecteth A.agrestis(Takeda et al. 1990)nterestingly,

the latter has already been described in the formitsf methyl ester byMéndez and Sanz
Cabanilleg1979)for A.punctatus Rosmarinic acid y R -©-{-&glucoSide as well as the
putative precursor molecule caffeeyl-Qydroxyphenyllactic acifisorinic acidjvas confirmed

in A. agrestisby thework ofVogelsang et a{2006) In addition to the(hydroxycinnamic acid
structure, derived from phenylpropanoid metabolism, some compoundsanghocerotonic
acid megacerotonic acid and rosmarinic acstharethe hydroxyphenyllactic acid moietyt

can be assumed that the first two are derivatives of rosmarinic afddned either
enzymatically controlled or neanzymatic.Since rosmarinic acid is widely distributed among
vascular plants and can be seen as a blief phenolic structures from hornwortghe
elucidation ofthe underlyingbiosynthesis is of great interegt understand the implications

of phenylpropanoider complex esterifiegphenolicsfor terrestrialisation.
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Figurel Exemplary scondary metabolitesfound in Anthoceros agrestiga-e, g) andMegaceros
flagellaris (f). a Anthozerodiazoninan alkaloid featuring a characteristic nimeembered ringb-d
Glutamic acid amides with either hydroxybenzdgtivative moiety (b), 4-coumaroyl moiety(c) or
isoferuloyl moiety (dpand itscisisomer (indicated through *-f The lignansinthocerotonic acicnd
megacerotonic acidwhile o -Q@ydroxymegacerotoniacidwas described foA. agrestisg rosmarinic
acid(R1),A G 3-gloctsidgR2) and isorinic acid (R3)

4 Rosmarinic acid

Rosmarinic acid, as the name implies, was first isolated from rosdRasynarinus officinalis
Lamiaceagandresolved as an ester ohffeic and 3,4ihydroxyphenyllactic acidy Scarpati
and Oriente(1958) The conpoundtogether with other phenolic compounds are also called

W[ I 6 Al S yddeSoNteiatandiF pfopeftiegseelitvinenko et al. 1975 referring to @
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old name for the plant family (Latin: labia = lip).fact, rosmarinic acid is widely distributed in
Lamiaceae, but limited to the subfamily Nepeleae, as well as in Boraginaceae, where all
species studied were found to contain ititvinenko et al.(1975) suggested that the
distribution of rosmarinic acid and other hydroxycinnamic acid derivatilas some
chemdaxonomic significancésee alsdHarborne 196% This is not deniablesince hestrictly
focused on Lamiaceaehowever, rosmarinic acidalone proved to be unsuitable for
interfamiliary taxonomicsn the following yeargPetersen and Simmonds 2008Jumerous
other families have been identified, mainly from there eudicots But even if presentnot
even all species of a gennsed tocontain rosmarinic acidand not allgenera of &amily or
families in arorder (Petersen 2013)A special role, especially with regard to the elucidation
of rosmarinic acid biosynthesis, is assigned @wleus blumei(syn. Solenostemon
scutellarioides Plectranthus scutellarioided.amiaceaepr painted nettle, see chapter I.5.
Away from this, the Chlorantaceéghu et al. 2008; Petersen et al. 2009)n the basal dicots,
several families of monocots, e.g. Arac€aquino et al. 2001 Zosteracea€Ravn et al. 1994)
and PoaceaéSterbova et al. 2006as vell as ferns, e.g. Blechnace@¢arborne 1966; Bohm
1968) DennstaedtiaceaéTsumbu et al. 2012)ontain rosmarinic acid, whereashas up to
now not been found ingymnosperms(Petersen 2013)The most basal occurrence is in
Anthocerotaceae, i.eAnthoceros punctatugTakeda et al. 1990and Anthoceros agrestis
(Vogelsang et al. 2006¥ith up to 9% per dry weight in suspension cells of the |{Retersen
2013) Theerratic distribution raises the question whethtis capacity evolved once early or
several times independentip plant evolution(Petersen and Simmonds 200Bjvestigations

in charophyte algae, i.€haraspec, did not reveal rosmarinic ac{etersen 2013formore
information onits occurrence as well agelevant sourcessee Petersen et al(2009)and
Petersen (2013) In addition, there are numerous species that contain corresponding
derivatives putatively derived frommosmarinic acidamong others.g. lithospermic acittom
Lycopus europaeus Lithospermum ruderaler lithospermic acid B (syn. salvianolic acid B)
from Salvia milthiorrhizgDanshen)Bulgakov et al. 2012; Petersen 201&¢lFknown from
Traditional ChineseMedicine For a full review of associated compounds &®zeshki and
Petersen(2018) Sincethe middle of the 20th century, there was great interest in explaining
the nature of W[ I 6 A I ( S yaAdSdefiniagihd active ompunds Numerous studies
were devoted to the description of the tannin type, e.g. dsydrolysabletannin, but based

on caffeic acid instead of gallic ackhtidiarrheal, antinflammatory and antiviral effects of
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the components were assugd and related compoundsike chlorogenic acigster of caffeic
acid and quinic acidyere also describedLitvinenko et al. 1975Meanwhile, numerous
additional activities have been demonstrated for rosmarinic @cie.g. anti-inflammatory,
antimicrobial, antiviral, antihyperglycemic,neuroprotective, antitunor and general
antioxidative effectfAmoah et al. 2016; Hitl et al. 2021y addition, thee is a nutritional
potential as antioxidant(Khojasteh et al. 2020From an ecological point of view, results
indicate that rosmarinic acid can repel herbivores or prevent fungal infecasi@mmonds
et al.(2019)proved the activity as feeding deterrent against the tobacco hornwavkar{duca
sectg, whereasSzabo et al1999)demonstratedthat a preparation of the oomyceteythium
aphanidermatumcan significantly increase the formation of rosmarinic acid and the specific
activity of thebiosyntheticenzymesin suspension cultures dfoleus blumeiA somewhat
similiareffect can also be achieved by the addition of the eliam@thyl jasmonate irColeus
blumei(Szabo et al. 199%r Salvia miltiorrhizgXiao et al2009) Potential fields of application
for rosmarinic acidare thus given, both medical, nutritional and agronoymeaking the
biotechnological production a vibrant field of reseafskeBulgakov et al. @1L2; Khojasteh et
al. 2020.

5 Rosmarinic acid biosynthegssigher plants

Formally, osmarinic acids an ester ofcaffeic acid and 3;dihydroxyphenyllactic acigFig. 2)
Ellis and Tower§l970)performedan early “Glabelling studyin Mentha spec.and resolved
unequivocally that the phenylpropanoid moietydsrived fromL-phenylalanineandthe 3,4-
dihydroxyphenyllactic moietyrom L-tyrosine (see alsoRazzaque and Ellis 197&Vhile
cinnamic acicand4-coumaric acidvere already correctlguggestedas centralmtermediates
of the caffeic acid partthe initial assumption was that tyrosine would be converted to DOPA
This wasliltimately challengedby Ellis et al(1979) who observed that there is ntyrosine3-
hydroxylase activity i€oleus blumeind that inhibition of PAL led to accumulatiohlabelled
4-hydroxyphenyllactic acidThis was confirmed byeEknamkul and Elli§1987a) who
proposedthe transamination of L-tyrosinethrough tyrosine aminotransferase (TAaSinitial
step. The widely accepted biosynthetic pathway was proposedPétersen et al(1993) for
Coleus blumeand takes place as followSAT catalses the transamination of-tyrosine,
leading to the formation of 4ydroxyphenylpyruvat¢pHPP)This is necessary because pHPP

is not a primary intermediate ithe shikimate pathway gblants. While bacteria and fungi can
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produce the aromatic amino acidghenylalanineandL-tyrosinevia transamination of pHPP
and phenylpyruvate which is originating from the precursor prephenate derived from
chorismate from tle shikimate pathwayplants with exception of some legumes, which
possess a cytosolioute to pHPPsynthesi{Schenck et al. 2015avoura divergentpathway.
Plastid prephenate aminotransferase catalyses the formation bBfrogenate from
prephenate, which is then convertday arogenate dehydrogenase or arogenate dehydratase
to the corresponding aromatiamino acid (Maeda and Dudareva 2012; Parthasarathy et al.
2018) Said aromatic aminotramesrases, e.g. TABRre primarilylocated in the cytosoand
involved in the degradation of amino acids teoRoacids(for exceptions:Yoo et al. 2013;
Wang et al. 201p6which leads backo the resultingpHPP Thisis subsequentlyreduced to
4-hydroxyphenyllactate, catadgd byhydroxyphenylpyruvate reductase (HRPRtersen and
Alfermann 1988; Kim et al. 20p4The involvement is supported by RNAI studigsicherig
and Petersen2013) Alternatively, pHPPcan betransformed to homogentisatethrough
hydroxyphenylpyruvate dioxygenaselRPD, which is then directed to plastoquinone and
tocopherol synthesisrespectively(Whistance and Threlfall 1970; Garcia et al. 199he
second part of the reaction follows the general phenylpropanoid pathstaxting with the
deamination of L-phenylalanine by phenylalanine ammonilyase (PAl.)as indicated by
Razzaque and EIlliEL977) resulting in t-cinnamic acidand following selective para
hydroxylationby cinnamic acid-hydroxylase (@H; Karwatzki et al. 19890 4-coumaric acid
The final step before linkage is the activation as Co#ster through
hydroxycinnamatezoenzyme A ligasedClL. Vetter 1988; Karwatzki et al. 198%n addition to
rosmarinic acid biosynthesid;coumaric acid and its Cedsteralso serve as precursors for
other important secondary metaboliteg.g. lignin, lignas) flavonoids, coumarinand others
(Petersen 2018 Eventually, he formation of therosmarinic acigprecursor4-coumaroyin -Q
hydroxyphenyllactigs catalged byrosmarinic acid synthasé&RAS Petersen and Alfermann
1988; Petersen 1991with involvementsupported by RNAdata (Hicherig and Petersen
2013) The post-formational introduction ofaromatic hydroxygroupsthrough cytochrome
P450 enzymewas suggested biyetersen et al(1993)and resolved late(Petersen 1997An
alternative hypothesigDi et al. 2013)based on'3Gphenylalanine tracing experiments in
Salvia miltiorrhizaassumes the coupling ofebumaroytCoA and 3,4dihydroxyphenyllactic
acid, since only the-doumaroyi3,4-dihydroxyphenyllactic acid intermediate was detectable

in addition to the lalelled rosmarinic acidinitially, however, this only provides evidence for
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the assumption that the €oumaroyl moiety is derived fromphenylalanine, whereas the
3,4-dihydroxyphenyllactiacidmoiety is not. Free 3;dihydroxyphenyllactic acidouldnot be
detected due to the experimental desigthou et al(2018)observed the accumulation of 3,4
dihydroxyphenyllactic acid and lower rosrmac acid formation in CRISPR/Gasfdiated
mutants. However, complete knockout was not achieved and complementary genes led to
substantial rosmarinic acid accumulation even in the homozygous mutaobntrast, other
authors involved in the research dfiosynthesis inSalvia miltiorrhiza do not contest the
current biosynthetic pathway. To date, proof of the involvemehall enzymesnd selective
characterisatio, with exception of RASn S. miltiorrhizahave been achievedZhao et al.
2006; Huang et al. 2008a; 2008b; Song and Wang 2011; 2012; A0fxharacterisatio of

the Salvia miltiorrhizeRAS or tracing experiments witktyrosine could provide conclusive
information.In general, it can be observed that existing research on rosmarinic acid often tend

to focus on the phenylpropanoid moiefg.g.Tuan et al. 2012; Kim et al. 20)4a
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6 Rosmarinic acid biosynthesisAinthoceros agrestis

Whether rosmarinic acid biosynthesisAmthoceros agrestitllows the model fromColeus
blumeiand this pathway possibly originated early in land plant development, or whether it is
an independent evolution, can only be clarified by elucidating the eegyinvolvedPezeshki
et al. (2022)identified and characterisedwo PALisoforms fromAnthoceros agrestishat
demonstratedcomparable substrate affinity to typical PALspérmatophytesAdditionally,

a 4-hydroxylase activity leading té-coumaric acidvas alreadydetected and identified as
cytochrome P45@lependent enzyme byPetersen(2003) The enzyme was functionally
expressed irPhyscomitium patensand kochemically charactesed by Wohl and Petersen
(2020a) The phenylpropanoidierived part is completed by thsuccessfubxpression and
characterization of twa@lClLvariants that showed comparable affinisidor thetwo substrates
4-coumaric acidand isoferulic acidWohl and Petersen 2020bJhe search for an enzyme
corresponding to RAS frofoleus blumehas so far been unsuccessful. RA84dssified as
hydroxycinnamoyltransferasgHCT )from the BAHD superfamilya family able to transfer a
variety of acygroups,resulting in a largeumber of potential donor/acceptor combinations
and complicating functional predictions based on sequence informgbthuria 2006; Berger
et al. 2006) Most recently Ernst et al(2022)reported abouta HCTisoform, which accepted
4-coumaroylCoA and caffeoylCoA as donor substrates but did not utilise
4-hydroxyphenyllactiacid as acceptor. Instegdshikimic acidwas the preferred substrate
while amide formation with an anthranilic acid derivatives also possibléhis publication
also reportedon a 3hydroxylase (CYP98) that acceptedoumaroyin -Qydroxyphenyllactic
acid but resulting inrather low product formationwhile favouring hydroxylation of amides.
Work on the L-tyrosinederived precursor <hydroxyphenylactic acidand the associated
enzymes HPPR and TAT will be discussed as part of this work. Even though this fills further
gaps in rosmarinic acid biosynthedise analogue toRAS fromColeus blumeiemainsthe
great unknown.Other classes of enzymes, ayfrom the use of CoActivated4-coumaric
acid e.g. serinecarboxypeptidasdike acyltransferaseswhich utilise glucoseactivated
precursos, or lipaselike hydroxycinnamoyltnasferasesshould be taken into consideration
(Petersen 2016)
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7 Relevant enzymes otyrosine derived metabolism

7.1 Tyrosineaminotransferas€TAT)

TAT(EC 2.6.1.5)s an aromatic aminotransferasenich catalyses the reversible transfer of the
amino group fromi-tyrosine to 2-oxoglutarate generatingl-hydroxyphenylpyruvateand
L-glutamate. Aromatic aminotransferasarerepresentative of pyridoxal p -ghosphate PLR-
dependent enzymesThey play an important role in bothbiosynthesis, i.earomaticamino
acidsin bacteria and fungias well as dgradative processes, with the latter being important
and predominant for plant secondary metabolig8chencland Maeda 2018; Xu et al. 2019
chapterl.5). The reactionrequires an amino acidd¢nor) anda 2-oxoacid (acceptorandis
therefore characterised by dual substrate recognitigxminotransferases generally exhibit a
promiscuous characteasdemonstratedby Wang and Maed42018) which discuss a wide
variety of aromatic aminotransferaseffom different speciesmaking it difficult to draw
conclusions about the accepted substrates based only on sequence comparsons
biochemical analysis of ¢henzyme is essentidlhe two subunits of the homodimeric enzyme
each consist of two domains (large and smdllje catalyticsites are located at the domain
interface, resulting in the formation of the active site pockitrough incorporation of the
subunits (Hirotsu et al. 2005)There are four subgroups of aminotransferag@d's) with
aromatic A§belonging to subgroup fiogether with aspartate or alanine aminotransferases
(Mehta et al. 1993)The mechanism is fundamentally dependent on a centseresidue
whose Gamino group forms an internal aldimine with P(#rsch et al. 1984)Tte detailed
mechanism is illustrated by the example of aspartate aminotransfeflage3), an enzyme
that canserve as blueprint for this enzyme family.contrast toother two-substrate reactions
(bi bi), which require the simultaneous binding of the substrates involved (sequential
reaction), the reaction is divided into twsuccessive phaseStarting from the internal
aldimine, the Lysesidue is initially displaced by thecomingL-aspartate The external
aldimine is formed, which is converted into the ketimine via a quinoid intermechaid
subsequentlhyjhydrolysed with oxaloacetatdeavingthe reaction.The cofactolis now present
aspyridoxamire phosphate (PMRRactingascaretaker of the amino grougA new ketimine is

formed by a condensation reaction with the incomRgxoglutarate, which is converted back
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to an external aldimine via the quinoid intermediaM/ith dissociationof L-glutamate the
initial internal aldinine is formed, regenerating PLPhe whole process is mechanistically
called ping pong bi {Frey and Hegeman 2007; Berg et al. 20TBginvolvement of TAT in
rosmarinic acid biosynthesis has been demonstrated Goteus blume{chapter |.5; De-
Eknamkul and Ellis 1987and Perilla frutescenfLamiaceaejLu et al. 2013a)lhe presence
of a TAT capable of transamting L-tyrosine in Anthoceros agrestisvas recently

demonstrated(Busch and Petersen 2021)
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Figure3 Reaction mechanism of aspartate aminotransferaaecording toFrey and Hegema(2007)
adapted PLP is covalently bound tbe Lysresidueforming an internal aldiminga). 2oxoglutarate
(amino donor) replacethe Lysresidue and forms the external aldimine (B)ketimine (d) is formed
via aquinoid intermediate(c). Oxaloacetate dissociatesd pyridoxamine remains (e-oxoglutarate
attaches and a new ketimine is formé&f), which is converted to the external aldimire) via the
quinoid intermediate(g). Glutamate dissociates and the imaf aldimine regenerates (a).

7.2 Hydroxyphenylpyruvate reductase (HPPR)

HPPR (EC 1.1.1.237) catalyses the (RWABH"-dependent reduction  of

4-hydroxyphenylpyruie acid(pHPP) to 4ydroxyphenyllagt acid(Fig.4) but alsotransforms
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related derivatives such as 3,4-dihydroxyphenylpyruvic acid and 4-hydroxy
3-methoxyphenylpyruvic acidPetersen and Alfermann 1988; Haust¢ral. 1991) Since the
initial description, NADPH has been established as the primasylestrate although NADH
shows decent affinitand activityas wel] and the enzyme has been classifiexlaD-isomer
specific 2hydroxyacid dehydrogenag®leinhard 1991; Hauslertal. 1991; Kim et al. 2004)
Theheterologousy expressegutative HPPR frorBoleus blumailsorevealed additional non
aromatic substratesmatching this family such as hydroxypyruvate and glyoxylagach
significantly exceeding the affinity of treromatic substratesln addition,D-isomer specific
product formation was demonstratednd HPPR ofColeus blumewas resolved as dimeric
enzyme through crystallsation and gl permeation chromatographyJaniak 2007)The
D-isomerspecific 2hydroxyacid dehydrogenadamily wasfirst introduced by Grant(1989)
and compries a rather diverse group foprokaryotic (e.g. D-3-phosphoglycerate
dehydrogenasep-2-hydroxyisocaproate dehydrogengselactate dehydrogenaseTaguchi
and Ohta 199}, animal (glyoxylate/hydroxypyruvate reductas8ooth et al. 200§ fungal
(phenylpyruvate reductasd=uijii et al. 201)land plant(e.g.D-glycerate dehydrogenasesyn.
hydroxypyruvate reductasé&reenler et al. 1983%nzymesinterestinglynot closelyrelated to
the corresponding-isomerspecific enzymesvhich constitute a family on their owfiochhar
et al. 1992and sources cited thereinThefamily compriseglimeric, sometimes tetrameric
enzymes with each monomer consisting of two domains, asdstrate and a substrate
binding domain, with a deepatalyticcleft at the interdomain regior{Holton et al. 2013;
Goldberg et al. 1994Janiak et ak2010)was able to determinghe crystal structure of(P)PR
from Coleus bluméboth as apoenzyme and in coregl with NADP. Themonomerwith a
mass of 34.1kDa and active site located within treaid deep cleft, separating the two
domains, confirmed the typical topology obasomerspecific 2hydroxyaciddehydrogenase
The larger domain carries the conserveatin-G-X-G-X-X-G- serving as NAD(P)/NAD(P)H
binding domain, whilelte two amino acid#\rg232 and His27%vhich are also conserved in
other dehydrogenases, form the active sigupported by Glu261, forming a hydrogen bond
with the latter. How exactly HPPRs into this family of mainly primary metabolic enzymes,
remainsan interesting issueWhile aromatic aminotransferases play a weighty role in many
metabolic processesi.e. biosynthesis of primary and specialised compouraig] are
therefore studied for multiple backgrounddVvang and Maeda 2018{PPRasalwaysbeen

related to rosmarinic acid in the few reporexisting beside the comprehensive data on
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Coleus blumdie.g.Mizukami et al. 1993; Xiao et al. 2009; Barberini et al. 2013; Ahmad et al.
2016; Lu et al. 2013b; Wang et al. 2Dvith the exception ofArabidopsighaliana, in which,

since no rosmarinic acid has yet been detected, HPPR isoforms of a possibly more general
tyrosinederived metabolism are preseni{Xu et al. 2018) HPPR competes with
hydroxyphenylpyruvate dioxygenagidPPDHg. 2) for its substrateand probablyis the first

specific enzyme in rosmarinic acid biosynthethsisforming the junction betweenprimary

and secondary metabolisrfihis inevitably raises questions about the origin of HWAfether

HPPR originates in hydroxypyruvate reductase (HiPRjpandatory photorespiratory enzyme,

or whether HPPR capacity is attributable to a secondary reactiorededication of HPR

activityremains to beclarified

(0]

OH .
NAD(P)H/H

© NAD(P)*

HO
4-hydroxyphenylpyruvic acid (D)-4-hydroxyphenyllactic acid

Figure 4 Stereaspecific HPPR reactionReduction of 4ydroxyphenylpyruvic acid tobi(R)-4-
hydroxyphenyllactic acid and simultaneous oxidation of NAD(P)H/H

8 Photorespiration

Photorespiration is a process that occurs in all oxygenic photosynthetic organisms. While
there are adaptations of certain plants (C4 and CAM plants)initial carbon fixationn C3
plants occurs during theCalvin cycle through the enzyme ribulosel,5bisphosphate
carboxylaseoxygenase (RuBisGO) which catalyses the carboxylation of ribulek&-
bisphosphate followed byformation of two molecules3-phosphoglyceraé (Reumann and
Weber 2006) Those argafter further intermediate step&e.g. reduction to the carbohydrate)
proportionally directed into biosynthesis of carbon skeletons, i.e. stagrshcrose(Raines
2003) while 5/6 of the resulting C3 bodies acbannelledinto regeneratingribulose 1,5
bisphosphatdReumann and Weber 200&Jowever, the enzyme alsceps O, resulting in
the formation of one molecule 3-phophoglycerate and one molecule toxic
2-phosphoglycolate The rescue obne molecule 3-phosphoglycerateby the use of two

molecules 2-phosphoglycolateat the loss of one molecule @@ achieved by theC2
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photorespiratorymechanism spanningpree compartments i.e. chloroplast, peroxisome and
mitochondrion (Reumann and Weber 2006)n this process(Fig. 5) peroxisomal
hydroxypyruvate reductas¢HPR EC 1.1.1.29catalysesthe NADHdependent reduction
(Tolbert et al. 19700f hydroxypyruvate tam-glycerate(reviews:Reumann and Weber 2006
Bauwe et al. 2010 Surprisingly, mutants lacking activity péroxisomalHPR ormalate
dehydrogenasgwhich provides peroxisomal NADMu and Huang 1986§lo not lead to a
collapse in photorespiratory metabolism orphotosynthetic rates, as seen in other
photorespirationrelated mutants that grow only in high @@nvironments(Murray et al.
1989; Cousins et al. 2008; Tinetral. 2008) This is due to the presence of a cytosolic KB
dependent HPREC 1.1.1.81providing an extrgperoxisomal bypassnd even a third,
chloroplast enzyme, asindicated and eventuallysuggestedfor Arabidopsis thaliana
(Kleczkowski et al. 1988; Kleczkowski and Randall 1988; Tinin2@1 &) The three enzymes,
plus a fourth for which no activity has yet been demonstrated, were recently loq&&d
fusion) and reevaluated byXu et al.(2018) HPR1, favouring NADH, was localised in
peroxisomes, while HPPR2, HPPR3 (HPR2 & HPR3 accofidingtet al. 2011land HPPR4
were localsed in the cytosoWhereas HPPR4 activity was not detectablé?R2 and HPPR3
favoured NADPH and accepted hydroxypyruvate basmpldPP.A phylogenetic analysis
confirmed HPR and the HPPRs as two subfamiliek p-isomerspecific 2hydroxyacid
dehydrogenasesand HPPR2 sharing the highest identity w@bleus blumeHPPRThey
suggest, that HPPRs likely evolved ftbmHPR clade in ancestral land plafts et al. P18)
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Figureb Schematic representation dhe photorespiratory mechanism based ddauwe et al(2010)

The 2phosphoglycolate formed by @xposure of RuBi€Zis rescued after passing througleveral
intermediates and compartment§ heperoxisomalHPR catalyses the reduction of hydroxypyruvate
to D-glycerate. RuBiSZ=ribulosel,5-bisphosphate carboxylasexygenasgeHPR = hydroxypyruvate
reductase Non-relevant eaction steps arendicated by dashed arrows and do not reflect physiological
processesind actuaktoichiometry
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9 Aim of this work

Anthoceros agrestiand related species contain several interesting secondary metabolites
derived from hydroxycinnamic acid andthydroxyphenyllactic acid moieties, such as
anthocerotonic acidmegacerotonic acid and rosmarinic acid thisregard rosmarinic acid,

as a ester of the twomoieties provides an interesting starting point to study the biosynthetic
pathways of phenolic compamts inAnthoceros agrestjespecially since the elucidation has
already been achieved fdColeus blumejPetersen et al. 1993While the enzymes of the
general phenylpropanoigathway, with the exception of a HCT that catalyses ester formation
(= RAS), have already been identified and heterologously exprg&steshki et al. 2022
Petersen 2003Wohl and Petersen 2020a, 2020&orting according to biosyntheyidittle
progress has been maaa the L-tyrosinederived pathwayldentifying and charactesing the

enzymes involveds the objective of this work.

Squencealignmentsof promising Anthocerosscaffolds and known TAT, HPPR and HPR
sequencesvere to be foundPotential genes had to be amplifiethd introduced into suitable
vectors. Heterologous expression i&. colihad to be usedto gain active enzyme for

biochemical charaefrisation.

The determined parameters, e.g. substrate acceptance, kinatidspecificity should allow
conclusions about the comparability of rosmarinic acid biosynthesfntifocerosagrestis
and higher plants, i.e®leus blumeiand reveal new information abouhe biosynthesis of

secondary metabolites in hornworts.

Whether the idea ofmonophyly or polyphyly of bryophytes will prevail in the long run, in
either case, insights into the phenolic compounds of bryophytes, which were @dsential
in colonsing the land as predecessors of vascular plants or wepessaryo inhabit a nicle

in parallel with vascular plantsscensiorfor millions of years, will be valuable.
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Il Material and Methds

1 Generamaterial andmethods

1.1 Plant material

The plant materiatequired over the course of this research was collected frémthoceros
agrestis(syn.A. crispulussuspension culturesTwo linesn hormonefree CB mediunfCBM,
seell.1.2.4 were established by Professétetersen(Petersen 2003 )riginally deriving from

a callus culture kindly provided by Professor BindiBanding and Mordhorst 1991A third

line was sustained in CB medium witicreasedsugarcontentand addtion of hormones and
N-Z-Amine A(CB2seel.1.2.4). Viability and growth of the suspension cultures was achieved
by weekly transfeiof 5.5g (cell wet weight) dés to 50ml of fresh mediumand cultivation

under permanent daylight conditioren a gyratory shaker (10pm)at 25°C

1.2 Media

1.2.1 Lysogeny broth (LB)

LBwas used as standard medium f&: coli either for selection on agar cior plasmid
accumulation. It was prepared accordinggertani(1951)without glucose addition. For liquid
medium, 100ml aliquots of 1%w/v) tryptone/peptone, 0.5%w/v) yeast extract ad 1%{w/v)

NacCl, adjusted to pH 7.0 with NaOH were autoclaved and stored under dark conditions until
use. For solid medium 104/v) agar was added prior to autoclaving and thoroughly dissolved
when still hot. To obtain LB agar plates, solid medium was heated using a microwave and was
poured intoPetri dishes. If selection through antibiotics or blwdite screening was needed,

the medum was supplemented according ¢bapter 112.6.5

1.2.2 Terrific broth (TB)

TB mediunwas prepared according fBartoff and Hobb$1987) This rich medium allow®r
higher cell density than LB medium and was used for heterologous expreafieman initial
attempt with LB medium brought insufficient yieldSne flask contains 9@l of aqueous

nutrient solution (12% (w/v) tryptone/peptone, 2.86 (w/v)yeast extract and 0.4%/v)
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glycerol, autoclaved) supplemented with &0 of 10x TB salts (0.M KRPQ and 0.72M
KoHPQ, autoclavedprior to use. The separate solutions can be stored under dark conditions,

but ideally were prepared fresh before each expression.

1.2.3 Super Optimal broth with Catabolite repression (SOC)

SOCis a nutrient rich medium especially formulated to increase plasmid transformation
efficiency through enhancing recovery of competé&ntcoli It is an adapted version of SOB,
supplemented by glucose. The formulaustomisedaccording taHanahan(1983) It contains
2%(w/v) tryptone/peptone, 0.5%w/v) yeast &tract, 8.6mM NaCland 2.5mM KCHdissolved

in water, adjusted to pH 7.0 with NaOH and autoclaveltier-sterilisedl M MgSQ@ solution

and 1 M glucose solution were then used to adjust the concentration tm&Oeach.

1.2.4 Plant cell medi

Anthoceros agrestisuspension cells were cultivated using CBM &B2 medium as
described inl.1.1. CB2medium was prepared according Retersen and Alferman(iL988)
whereas CBNk a hormoneree, N-Z-AmineA-free variant with halved sugar contertdetails

are givenbelow.

Qassification | Substance CB2 medium CBM medium
Macro KNQ 25000 mg/I 25000 mg/I
elements MgSQ- 7 H0 250.0 mg/l 250.0 mg/l
NakhPQ -2 RO 194.4 mg/l 194.4 mg/l
CaCGl-2 HO 150.0 mg/Il 150.0 mg/l
(NH:)2SQ 134.0 mg/l 134.0 mg/l
FeS047 H.0 25.6 mgl/l 25.6 mg/I
EDTAN& -2 HO 34.3 mgl/l 34.3 mgl/l
Micro H:BQs 3.0 mg/l 3.0 mgl/l
elements ZnSQ-7HO0 3.0 mg/l 3.0mg/I
MnSQ -1 H0O 1.0 mg/l 1.0 mg/I
KJ 0.75 mg/l 0.75 mg/l
NaMoOy - 2 HO 0.25 mgl/l 0.25 mg/l
CuS@-5H0O 0.25 mg/l 0.25 mgl/l
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Cod -6 H0 0.25 mg/l 0.25 mg/I
Vitamins thiamineHG 10.0 mg/I 10.0 mg/I
pyridoxineHCI 1.0 mg/l 1.0 mg/l
nicotinic acid 1.0 mg/l 1.0 mg/l
Hormones indole-3-acetic acid (I1AA) 0.5 mg/l
2,4-dichlorophenoxyacetic acid (2[3) 2.0 mg/l
kinetin 0.2 mg/l
1-naphthaleneacetic acid (NAA) 0.5 mg/l
myo-inositol 100.0 mg/I 100.0 mg/I
sucrose 20.0 g/l 10.0 g/l
N-Z-Amine®A 2.04l/
pH value After dissolvingthe medium was djusted topH5.5 with 0.5M KOH
(CMB) or 0.8 HCI (CB2).

Aliquots of 50 ml medium were transferred to 250 ml flasks, sealed with a cellulose stopper,

and autoclavedMedium was stored under dark conditions until use.

1.3 Competent cells

Two strains of competent bacteria were used in thisrk, namelyE. colEZ cells for plasmid
multiplication, particularly in preparation ofSanger sequencingand E. coliSoluBL21 for
protein expression. A test tubeontaining2 ml liquid LB medium an@5ug tetracycline
(12.5mg/ml stock solution in ethanolvas inoculatedwith a sample of cells scraped of a
permanent E. coliEZglycerol stock (stored at80°C)using asterile toothpick for E. coli
SoluBL212 ml liquid LB medium without antibiotiwas usedThe tube vaslooselycovered
with an aluminum cap andncubatedfor 14to 18h at 220rpm and 37°C. Afterwards the
samplewas poured into a 250nl Erlenmeyer flask containir@ ml liquid LB mediunand
90 ul 12.5mg/mltetracycline ¢nlyEZ) and incubate@@20rpm, 37°C).Optical density (Oédo)
was measuredeveral timesgainstamediumreference until a value of 0:@.6 was reached.
The cell suspension was divided betweevotsterile 50ml tubes and centrifuged (30GH)
4°C, 10min). After discarding lhe supernatantthe residue was resuspended in d® cold

sterile 200mM calcium chloride solution and samples were combiréte supernatant was
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discarded after centrifugation (2508 4°C, 12 min) and resuspend@d10ml cold sterile
100mM calcium chiride solution followed by incubation on ice for 80n. The supernatant
was discarded after centrifugation (25004 °C, 12 min) and the residue was resuspended in
2 ml calcium chloride/15% glycerol. Aliquots of 38@ach were prepared using steril&dnl

reaction tubes, subsequently frozen with liquid &hd stored at80 °C.

1.4 Agarosegel electrophoresis

Agarose ged were freshly prepared with the addition 40-20ug ethidum bromide. For
general purposes 0.7% agaraselx TAE buffe20 mM acetic acid, 1 mM EDTA, dM Tris
pH 8 wassufficient Regarding the demands of sortegets concentrations of up to 1.5%
agarose were useamples were mixed with 6x loading d@e03% (m/v) bbmophenol blue,
0.03% (m/v) xylene cyanol, @M EDTA in 60%w/v) glycero) and the gel pockets were
charged.Tovisualise nucleic acid sizes6 ul GeneRuler DNRadderMix or GeneRuler kb
DNA Ladde(Thermo Scientifiojere used.Migration wasachievedwith an applied potential
of 120V using TAE buffetf electrophoresis was used ttheck RNAintegrity, the entire
apparatus wasthoroughly cleaned to ensure protection from unwanted degradation
throughout the process Then, fresh buffer and, where possible, doubkutoclaved
equipment was usedlhe gel was analysed under blue/green LED light, either using an amber

filter or captured through photography.

1.5 Gel extractiorand purification 8PCRamplcons

Gel extrationof separated PR productswas performed usinghe NucleoSpin Gel and PCR
Cleanup Kit (MachereyNagel) Bands which corresponddtie expectedarget size were cut
out from the agarose galsing a scalpel andere liquefied utilising200pl binding bufferNT
per 100mgwithdrawnmaterialat 50°C for ~10nin. The fluid was transferred ta NucleoSpin
silica column, centrifuged (11000 g, 1min) and the flowthrough discarded.The silica
membrane containing target DNA was wasltieugh addition of700 ul buffer NT3(10 mM
Tris/HCI pH 7.5, 80% ethandidpllowed bycentrifugation (11000g, 1 min) and discarding of
flow-through once again. The membrane was dried (11§aDmin) and15-50 pl, commonly
30ul, sterile HO were added. After fin, the spincolumn was attached to a fresh reaction
tube and the elution was collected by centrifugation (11@0Q min). Samples were stored at

-20°C.
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2 MolecularBiology

2.1 gDNA extraction

The extraction of gDNAvas performed according t&Rogers and Bendicfil985) Plant
material, separated from medium through vacuum filtratiomas gound in a mortarwith
addition of liquid nitrogen. Approximately 200g of the ground material was colted in a
reactiontube and300pul preheated (65 C)2x CTAB buffer (2¢av/v) cetyltrimethylammonium
bromide(CTAB)100mM Tris/HCI pH, EDTA pi8, 14 M NaCl, 1%w/v) polyvinylpyrrolidore)
were added. The mixture was stalled on iceXbmin after incubation(65 °C for 30 mihwith
occasional shaking300ul chloroform was added followed byshaking andcentrifugation
(16000 g, 5min). The supernatant was transferredtaa freshreactiontube prepared with
30 ul preheated (65°C)10xCTAB buffer (10%w/v) CTABO.7M NaCland 300ul chloroform
was added. Following shaking and centrifugation (15¢g0®min) the supernatant was
transferredto a fresh reactiontube containing 25Qul CTABprecipitation buffer (1%(w/v)
CTAB, 50 mM TH4CIpH8, 10 mM EDTA p8). The supernatant was discarded after shaking
and centrifugation (1570@, 10min) and the pellet was subsequentlydissolvedin 200l
high salt TE buffeQ mM Tris/HCI, 1 mM EDTA BH1 M NaCl)300 pl100%ethanol was
added to the sample followed by mixing precipitation ¢20°C, 15min), centrifugation
(15700g, 5min) and subsequent discarding of the supernatafhe obtained pellet was
purified with 400ul 70% ethandiollowed by centrifugation (15708, 5min). The supernatant
was gentlyremovedand the pellet was dried (37C, 5 min)The pellet was dissolved in 30

1/10 TE buffer containing 1Q@y/ml RNaseé\. Samples were stored a20°C.

2.2 RNAextraction

The extraction ototal RNAwas performedusing the acid guanidinium thiocyanagpéenol
chloroform extractioraccording ® Chomczynski and Sac¢h987) To guarantee preservation
of the RNA throughout the whole processseparated area, doublautoclavedequipment
and solutionr, if non autoclavable, heat sterilised (300, 2h) equipment was usedsloves
had to be worn throughout the whole procesBlant material, separated from medium
through vacuum filtration, was gundin a precooled mortar whilérequentlyadding liquid
nitrogen.To gproximately 5dngof ground plant material 500l solution (4 M guanidinium

thiocyanate, 25mM citrate buffer pH7, 0.5%w/v) sodium lauroyl sarcosinateyas added
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followed by shakingand incubation at roomteemperature.The preparatiorwas gently mixed
with 50 ul 2 M sodium acetate pH and 500ul phenol gquilibratedwith 0.1 M citrate buffer
pH4.3) successivelyAfter addition of 10Qul precooled (stored at20°C) chloroformand
vigorous shaking for 1& and incubation (on ice, 1&in), each sample was centrifuged
(12000g, 4°C, 15min). For precipitation, 40Qul of the supernatant was transfeed into a
fresh reaction tube and 400l precooled (stored at20 °C)isgproparol was added followed
by incubaton (-20°C, 15min) and centrifugation (12009, 4°C, 10 min)Afterwards the
supernatant was discarded and the pellet vesp-by-step purified with 40Qul 70% ethanol
followed by centrifugation (7500, 4°C, 5 minjand discardinghe supernatantand 100%
ethanolfollowed by centrifugation (7500, 4°C, 5 minand discardinghe supernatantThe
pellet was dried (37C, 5-10min) and relissolvedin 20ul H.O at 50°C. Finally, RNA
concentrationand puritywasdeterminedphotometrically. Additionally RNAwas analysed for
integrity, in particular with regard to 2888Sand 5S RNA and possible DNA contamination
electrophoretically I{.1.4). Samples were stored a80 °C(if designated to gPQRr at-20 °C.

2.3 Digestion wittDNasel

DNbse digestion was mandatoiy cases where RNA was prepared for gPCR applicabipugs.
total RNA wasamnixedwith 5 pl 10xreaction buffer with Mg and 5ul DNase 13 U/ul, RNase
free) and adjusted to 5@l with HO. The preparation was incubated (3, 30 minand
extracted by phenolchloroform extraction. Theprotocol corresponds to the extraction
described irchapterll.2.2 with one tenth of the volumes omitting the addition of solution D.
As before, extracted RNA wagliesohed in 20pl O and RNA concentration and purity was

determinedphotometrically.

2.4 cDNA synthesis

2.4.1 cDNA synthesis for PCR

cDNAfor standard PCR reactions was synthesised ugiagRevertAid First Strand cDNA
Synthesis KifThermo ScientificFor that,1 or 2ug oftotal template RNAvas supplemented
with 1 pl Oligo(d)1s primer and adjusted to 1fl total volume with Rise-free H.O. After
mixing and brief centrifugation (as required), the sample was incubated &€ 6&r5 min and
cooled on icafterwards 4 pl 5xreaction buffer,1 ul Ribdock RNase Inhibitor (20/pl), 2ul
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dNTR (10mM), 1 ul RevertAid RT (200/ul) were addedin the indicated ordermixed and
centrifugedbriefly. Eventually, he mixture wasncubatedat 42 °C for 60min and the reaction

was finally stopped at 78C for Smin. Obtained cDNA was stored &0 °C.

2.4.2 cDNAsynthesigor PCR and qPCR

RNA for gPCRas transcribedisingthe gScript cDNAupermixkit. It was also used to obtain
cDNA fo standard PCR experimenitsaddition tothe procedure described ichapterll.2.4.1
Total emplate RNAgptionally digestedvith DNasel, was mixed with 4l 5x qScript cDNA
Supermixand adjusted to 2@l with RNasdree HO in micro reaction tubesFor cDNA
synthesis inteded tobe used in generalPCRapplications1 ug RNA was usetf dedicated to
gPCRO0.5ug wassuitable.The mixture wasubjected toa three-step temperature program
(25°C for 5 min, then 42C for 30 min, finally 88C for 5 min)n athermocyclerandthe cDNA
was stored at-20°C (PCR applications) &0 °C (qPCRpamples to be used in qPCR were
diluted with 80 ul HO before user further dilution.

2.4.3 cDNA synthesfsr RACE PCR

cDNA for RACE PCR was transcribed ubm@MART&® RACE Q k o @lon¥dh)iThe
resultingcDNAIs referred to asp -®@ Yy RRACEReadycDNA A buffer mix containing 4ul 5x
FirstStrand Buffer, 0.5l DTT (10nM) and 1ul dNTPs (2&nM) wasprepared in excestor
later use Since RACE PCR requires two separate amplificatitmévo adaptedcDNAsyiz.
p-¥ y R-RACHReadycDNA two reactionsmust be prepared.The former containing 1 to
10pltotal RNA, Ix f CpSPrimer A, adjusted to filltotal volume with sterile tD. The latter
with 1 to 11 pltotal RNA1k f o W / 5if a totalFoMrBeNdf 11l. The contents were
mixed and briefly centrifuged, then incubated at “@for 3min and at 42°C for2min
subsequentlyfollowed by centrifugation (1400§) 10s). Additionalyz. (i Kefitedpmikture
was complemented by addition of(ll SMARTer Il dligonucleotick. In the following, a master
mix containing 5.5l buffer mix (see above) 0.5ul RNase Inhibitor (4QJ/ul) and 2l
SMARTScribe Reverse Transcriptase (3@ &8 | RRSR (2 GKS NBaLISOGAD
mixtures, followed by mixing and sligteéntrifugation.The reactions werencubated at 42C

for 90min followed by 7C0C for 10min. Eventually, transcribed cDNA can be diluted with
TricineEDTA buffedepending onthe total RNA concentration used as described in the

manual.
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2.5 Polymerasehainreaction(PCR)

2.5.1 Standard PCR

The sandard PCR protocalasusedin reactionsaimedto amplify partia) if only fragmentary
data of the putative gene was availabdes, well as fullength sequencedlthough sharing the
underlying methodsome aspects are different. Partial sequences were amplified using GoTaq

Polymerase (Promegayine@ amplifications of fulHength sequencesvere carried out in

preparation of an expression system, a proefding polymerase orderto reduce errorsas

wellasgene specific primers containing a restriction site matching the given expression vector

were used.

Protocol adapted for partial gene sequences:

1 pl template (cDNA

5 pl GoTageaction buffer(5X)

3 pl Mgdl(25 mM)

0.5 pl dNTPNix (10 mM)

0.5 plprimer forward (10 uM)

0.5 plprimer reverse (10 uM)

0.1 yl GoTaq Patyerase (5 U/ul)

Adjusted toa final volume o25 pl with sterile HO.

PCRprogram
Step | Denaturation Annealing Elongation
Cycle
1st 94°C, 120 s Tm-5°C* 60 s 70°C,90 s
2nd-39th 94 °C,30s Tm-5°C* 60 s 70°C,90s
40th 94 °C, 60 s Tm-5°C* 60 s 70°C,600 s
After completion kept at €.0°C

*usually, or gradient of up tonrd¢ 10 °C.

Protocol adapted for full lengteequences:

1 pl template (commonly cDNA or gDNA)

5 ul Phusion HF buffer with Mg@bX)
0.5 pl dNTPNix (10 mM)

0.5 plprimer forward (10 uM)

0.5 plprimer reverse (10 uM)
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1 plPhusionHighFidelityDNA Polymeras@ U/pl)
Adjusted toa final volume o5 pl with sterile HO.

PCRprogram
Step | Denaturation Annealing Elongation
Cycle
1st 94°C,120s Tm-5°C,60s 72°C,90s
2nd-39th 94°C,30s Tm-5°C*60s 72°C,90s
40th 94 °C,60s Tm-5°C%60 s 72 °C,300s
After completion kept at 6.0°C

*usually, or gradienof up to T ¢ 10 °C

2.5.2 Rapid Amplification of cDNAds (RACE) PCR

RACE PCR was used to obtain migsif)y | -gir&tionalegionsof the underlyinggeneand
is performed based on &nown partial sequence RACE PCR was performed usiing
SMARTe®wW ! / 9 p @lordeth) This Kit provides a particular cloning method, called In
Fusion cloningseell.2.6.2. This method was usedccasionallyn exchange foligationand
requires a customised primer designth an InFusion cloning overhangeeKit manual and
comment in primer list RACE PCR performed inseparate reations, in the following

referred toasp-@! / 9 IR¥@EFoob@th a shared master mix is used.
Master Mix

15.5 pl PCRrade HO
25.0 pl SegAmpuffer (2X)
1.0 pl SegAmp DNA Polymerase

p -QACEHEeaction
H ®p -RACHepd2cDNA (sek.2.4.3
5 pl 10x Universal Primer M{£0X)

M xf pQ ISy SGSRIDBWPA FAO LINAYSNJI o
41.5 plmastermix (from above)
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0 -QACE reaction:

H ®p -RACHead2cDNA (sek2.4.3

5 ul 10x Universal Primer Mix

M K f

41.5 plmastermix (from above)

0Q 3ASYyS AWIPMPATFAO LINKRYSNI oD{t

Depending on theroject, two different amplification programs were useshHPPR was
amplified using program no. 1 and AaTAT using program no. 2.

RACEPCRorogramno. I

Step | Denaturation Annealing Elongation
Cycle
1st-35th 95°C,30s 68°C,30s 72°Cl80 s
After completion kept at 6.0°C
RACECRorogramno. 2 (touchdown)
Step | Denaturation Annealing Elongation
Cycle
1st-5th 94 °C,30s Combined: 72 °C, 180 s
6th-10th 94 °C,30s 70°C,30s 72 °C180s
11th-37th 94 °C30 s 68 °C30 s 72°C180 s
After completion kept at 6.0°C

2.5.3 Realtime PCR

The method, tten alsoreferred to as quantitative PCR (gPC&)ables quantification of
mRNAabundanceand wastherefore usedin geneexpression studiesThe experimentvas
performed to determine the relative expressionrates of HPPR TAT HPR1 HPPR in
comparison tathe housekeepingyenes actine and serine threonine protein phosphatase 2a
regulatory subuni{S-P 23 asreferencegenedor standardisationgPCR was performed using
cDNA transcribed fronDNasedigested RNArom A. agrestis(see 11.2.2 and following
collected on schduled days of cultivatio(seell.4.4.1). Primers deggnedfor g°PCRnustmeet
stringentrequirementsto producereproducibleand viable resultsTherefore, primers witla
maximum melting point deviation & °Calength of 20+ 3bases and resultingmpliconsof

100250 bp weralesigned (seerimer lis). To reliably exclude nespecific byproducts each
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reaction wassubjected toPCR and checkdaly agarose gel electrophoresiBands which
corresponded the expected target size were cut out from the agarose gel using a scalpel and
were extracted (1.1.5), ligated (1.2.6.1), transformed {.2.6.5 and eventually sequencedhe
mainmeasurementvas accomplished @96 well plate gPCR systeRiKoReaRealTime PCR

System)The single reaction consists of:

Actin, -P 2 TATHPPR

5 ul PerfeCTa SYBR Green Supé&(i2r)x

4 pltemplate (cDNA)

0.2 plprimer forward (10 puM)

0.2 pl primer forward (10 puM)

Adjusted to a final volume dfO pl with sterileHO.

HPPRZHPR1

5 ul PerfeCTa SYBR Green Supermix (2x)

4 ul template(cDNA)

0.15pl primer forward (10 uM)

0.15pl primer forward (10 uM)

Adjusted to a final volume dfO pl with sterileHO.

The PCR program used was:

Step | Denaturation | Annealing Elongation

Cycle
1st 95°C, 180 s - -
1th-50th 95°C,15s 52°C/45s 68 °C, 60 s, followed by

fluorescence masurement

Melting curve 5695 °C

After completion kept at 6C

Tobe able to make any statement abowglative expressiomates it is necessary toalculate

the efficiency of amplificationf-or this purpose, cDNAs were mixed proportionally and serial
dilutions (undiluted, 1:4, 1:16, 1:64, and 1:@pwere prepared Those were measured three
timesfor eachprimer pair in separate reaction$he resulting Ggaluesare plotted against

the decimal logarithm of theinderlyingdilution. Assuming optimal amplificationaeh cycle
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leads tothe duplication of product Thus a 1:4 dilution demands two cycles to fedhe

template amount of the next lower dilution, or:
C 1 E e — ¢

Conversely, this means thate linear regression of a perfect plot with 100% efficiency leads
to a slope of 3.32, which corresponds to thember of necessary cyclés increase tenfold
Slope carthen be used to calculate efficiencyhere the factor 2 corresponds 100%or this

setup, an efficiency of 96110% orslope of 3.168.59is sufficient.

O pm pTlh C or as a percentage: Gp O pzZpmmp T

For the main experiment, the cDNAs of the 15 culture days were dillite6. Reactions of all
primer pairs for each of the cDNAs were then performed on aveb plate A total of 4

replicates of this scheme were performed.

To check whether a reaction occurs in the absence of the templatéemplate controls
(NTC) were gaed outfor the main experiment and efficiency determinaticgupplemented

with an equivalent amount of water instead template

2.6 Molecular cloning

Several methods weneecessary to further multiplthe PCR products of interest (UA ligation,
In-Fusion cloningdr to preparefor subsequentecombinantprotein expression(restriction

site ligation homologous recombinatign

2.6.1 UA ligation

The underlying methodf the Qiagen Cloning Kit used for that purpaséased on the ability
of unpaired bases to form hydrogen bonds withmplementaryones. A DNAgase links the
adjacentendsthrough the formation of acovalent phosphodiester bondhe kit provides a
linearised pDrive vector containingn unpaired uridine nucleotide whereas PCR products
amplifiedwith GoTaq polymeraseaturallycontain adenosine overhang#/ith lower success,
ligation of blunt endgwhen usinghe proofreading polymerase Phusiowpasalso possible

The single reaction consists of:
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0.5ul pDrive Cloning Vector

2.5l Ligation MasterMix (9

2 pl purified PCR product

Thesamples werencubated at6 °Cfor at least 16h and ligation was stopped at 6% for
10 min followed by transformation oE. colEZ.

2.6.2 In-Fusiondoning

In-Fusiondoning, a ligationindependent and restrictiofiree cloning method, was used as
part of the SMART&w! / 9 p Qk o Q, p¥Mmieis ®xte@d2d\by &pkdifi sequences
complementary to the pRACE vector were udadert and vectomwere then cotrangormed
into E.coliEZ.The single reaction consists of:

1 pllinearized pRACE vector

7 ul purified PCR product

2 ul InFusion HD Master Mix

The samples were incubated &0 °C for 15min and cooled on &until transformationof
E.coliEZ(I1.2.6.95. RACE PCR products lackimg specific complementary sequences were
ligatedwith the UAligation method into pDrivéll.2.6.1).

2.6.3 Homologous recombination

Homologous recombinatigranother ligatiorindependent cloning methothrgely resembles
In-Fusion cloningThemethod was performed according tdacolus and Gros§2015) First
the target was amlified usinggenespecificprimers eachof which wasextendedwith a
complementry region to pET15b (Novagen) The PCR produatheckedby agarose gel
electrophoresisl(.1.4) and band of the expected size were extractetl.{.5). The vector was
double-digested withNdel (NEB)and Xhol(Thermo Scientificand purified (11.1.5), followed
by dephosphoriation with Calf Intestinal Alkaline PhosphatasélAR. For ths, 20ul of
digested pEALS5b were mixed with 2.34l 10x Buffer for CIABIong with1 pl CIAR1 U/ul,
Fermentas)and incubated at 37C for several houydollowed by inactivatiorat 65°C for
15 min. Vector and insert were cotransformed atvaofold insert excesaifass concentration

into 50 pl of E.coliEZ(11.1.3).
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2.6.4 Ligation into restriction sites

It was the mainlysedmethodto introduce an ORF of interest into tlegpression vector peT
15b. To provide stable alignment of insert and adjacent vector, both were previously cut with
two restriction erdonucleaseq1.2.7), which dlows unidirectional ligation After digestion,

both were checkedby agarose gel electrophoresis am@re purified (I.1.4and I11.5). A three

or fivetimes excess of insert (volume) was mixed with the linearised @B Tplasmid
followed by addition of water0.5ul 10x T4 DNA Ligase Buffand 0.5ul T4 DNA Ligase
(5U/ul, Thermo Scientif)ddor a total volume of 1Ql. The reaction was incubated at’& for

at least 16h and ligation was stopped at 6& for 10min followed by transformation dk. coli

EZ

2.6.5 Heat shock transformation &f coli

Transformation of chemically competed. coliwas used to either further multiply the
amplicon and facilitate DNA sequencirigy €oliEZ) or to prepare for heterologous protein
expression E. coliSoluBL21), i.e. (rgransformation of plasmid. Forhe former, if not
specified elsewhere, 7@ of competentE. colEZ was added to the entiligation assayAfter
gently mixing and cooling on ice for B0n, tubes were incubated at 4L for 90 sec in a
thermomixer and cooled on ice for 5 min. Afterwarti50ul SOC medium was added and the
tubes were incubated at 37C for 30 min. The mixture was platedainBagar platecontaining
100 pg/ml ampicillin,and additionally, allowing for bluehite screeningbOuM ia 2 LINR LJé f
D-1-thiogalactopyranoside (IPTG) and 8Qg/ml  5-bromo-4-chloro-3-indolyH -D-
galactopyranosidgX-gal) The agar platewas sealed after a short period of dryingnd
incubated at 37Covernight(~16 h). ForE. coliSoluBL21, 7l competent cells wre added

to 1-2 pl plasmid and subsequently treated as just described=focoliEZ with exception of
the LBagar platesvhich contained only 10Ql/ml ampicillinand thereforewere not eligble

for blue-white screening

2.6.6 Overnight cultures

After successful transformation and colony formation on ddar plates separation and
cultivation in individual tubes can be performédedium containing&-gal in combination with
IPTG allowd for blue-white screeningAccordingly, white coloniesdicating the successful

ligation of a DNAfragment into the plasmictan be picked selectivel{zor transformations
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lacking this option, a larger number of colonies were picked for compensatiotube
containing 4ml LB medium witd 00 ug/ml ampicillinwas preparedAn imprint of the colony
was transferred using a sterile toothpickhe tube was loosely capped and incubated at
220 rpm, 37 °Covernight(~16 h).

2.6.7 Plasmid isolation

1.5 ml cell sgpension was transferred to a sterile tulaed centrifuged aB000g for 3 min.
Pipetting was performed under laminair flow conditionsif overnight cultures werestill
needed further(l1.2.8). Thesupernatant was discarded amell collection wasapeated.The
isolation of plasmid was carried out using REAprep Spin Miniprep KiQiagen) Accordingly,
the pellet was resuspendedvith 250ul buffer P1 50 mM TrisHCI pH8, 10mM EDTA,
100pg/ml RNase Asupplemented with 25@l buffer P2(200mM NaOH, 1%m/v) SD$and
inverted six times350pul buffer N3(4.2 Mguanidine hydrochloride, 0.81 potassium acetate,
pH 4.9 were added and invertedgain,jmmediately followed by centrifugation ab000g for
10 min. The supernatant was transferred tddAprep Spicolumn and centrifuged &t6000g
for 60s. Wwo washing steps, once with5 ml bufferPB(4.69M guanidine hydrochloride, 30%
2-proparol) and ace with 0.75ml buffer PE(10mM Tris/HCI pH.5, 80% ethangland
subsequent centrifugation (previous conditions) follow@the column was dried at6000g
for 60s. The fow-through was removed in each case. The column was placed on a fresh tube
and avolume of up to 5Ql sterile HO was addedFinally, after incubating at room
temperature for 5min, the tube was centrifuged at6D00 g for 60s. The ollected plasmid

solutionwas stored at20 °C.

2.7 Restriction endonuclease digestion of DNA

Commonly usedor confirmation of isolated plasmid, the methodalso suitable for targeted
digestion of other DNA sequences (e.g. amplicons, vectors in preparation of ligation)
The single reaction for digestion of pDrive plasmid consists of:

3 ul plasmid

1.5pul Ec&lI Buffer or Buffer Geach10x Thermo Scientifjc

0.5ul EcoRIZ0 U/ul, Thermo Scientific)
Adjusted to a final volume df5 pl with sterileHQO.
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The single reaction for double digestion of pE5b plasmid consists of:

3 ul plasmid

1 pl Buffer R (10x, Thermo Scientific)

0.5ul Xhol L0 U/ul, Thermo Scientific)

0.5l Ndel @0 U/ul, NEB)

Adjusted to a final volume dfO pl with sterileH0.

Thereaction wasncubated at 37C overnigh{~16h) if complete digestion was demanded.
Toqualify for successful ligation, incubation at %7 for at least 1.6 or/and microwaving for
up to 20s (only EcoRIl) was sufficienDigestions were examined via agarose gel

electrophoresisl{.1.4)

2.8 Bacterial glycerol stocks

To allow for longerm storage of plasmid or to conserve expressieady strains (pEI5b in
E. coliSoluBR1) glycerol stocks were prepared. 4250f bacterialovernight culture(ll.2.6.6)
wasthoroughlymixed with 75ul sterile glycerqlprefrozen with liquid nitrogerand storedat
-80 °C. Fresh overnight cultures can edgi be generated from those bacterial stocksy

inoculation of LB media using sterile toothpicks

2.9 DNAsequencing

Plasmidspreselected through agarose gel electrophoresisye measuredphotometrically
and £quencedcommerciallyby Microsynth SeqlabThe pasmids were submitted according
to the specificationg(plasmid concentration 40-120ng/pl), using the provided standard
primers for pDrive (M13, M13r) or pHBb (T7, T7term).

2.10 Flow Chart Molecular Biology

Forbestunderstanding of the molecular biologparoach, flow charts for all genes are shown

in the following
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2.10.1Tyrosine aminotransferag€AT)

UA ligation pDrive (2.6.1)
PCR amplification of partial Transformation oE. colEZ RACE PCR
sequences (2.6.5)
(2.5.1) Plasmid isolation (2.6.7) (25.2)
DNA sequencing (2.9)

UA ligation pDrive (2.6.1) UA ligation pDrive (2.6.1)
Transformation oE. colEZ Transformation oE. colEZ
(2.6.5) full length PCR (2.6.5)

Plasmid isolation (2.6.7) 25.1) Plasmid isolation (2.6.7)
DNA sequencing (2.9) DNA sequencing (2.9)

Homologous recombination in
E. coliEZ (2.6.3)
Plasmid isolatién (2.6.7) Expressiofready construct
DNA sequencing (2.9)
Transformation oE. coli
SoluBL(2.6.5)
2.10.2Hydroxyphenylpyruvate reductg$&PPR)

In Fusion cloning (2.6.2) full length PCR
RACE PCR Transformezltlgr% oE. colEz (2.5.1)
(2.5.2) (2.6.5) UA ligation pDrive (2.6.1)
Plasmid isolation (2.6.7) Transformation of. colEZ
DNA sequencing (2.9) (2.6.5)
Plasmid isolation (2.6.7)
DNA sequencing (2.9) Plasmid isolation (267)
ligation into restriction sites DNA sequencing (2.9) Expressiomeady construct
(2.6.4) Transformation oE. coli
Transformation oE. coliEZ SoluBl(2.6.5)
(2.6.5)

2.10.3Hydroxyphenylpyruvate reductésgHPPR2and hydroxypyruvate reductase

(HPR1)

full length PCR
(2.5.1) Plasmid isolation (2.6.7)
ligation into restriction sites DNA sequencing (2.9) Expressioneady construct
(26.4) Transformation oE. coli
Transformation of. colEZ SoluBL(2.6.5)
(2.6.5)
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3 Proteinbiochemistry

3.1 Heterologous mtein expression

OnceE. coliSoluBL21 strains containing tiealified target ORFn pETF15b were available
expression was prepared. Overnight culturesre started using thealesignated strairas
described inl.2.6.6and 112.8. The next day, o to 2 ml of thisculture were used to inoculate
a 100ml LB or TB main cultur@50ml flask or 500ml baffled flask)containing 10Qug/ml
ampicillin.Just kefore, areferenceof said medium was takefhe flask was incubated at 220
rpm (180rpm for baffled flask), 37C.Cell growth was monitored by measuring several times
against the medium referencantil ODso0 of 0.40.6 was reached. Then, the culture was
induced through adjusting th mM IPTG and incubated at 1§0m, 25°C forat leastl6h. The
cells were pelletedn 50ml tubesat 3000g, 4°C for 10min, the supernatant was removed.
The residual pellet was frozen with liquid nitrogerf-or cell lysis, s/l 50mM potassium
phosphate buffer (KPi) pH8/ml pellet were added and cells were resusged. The
suspension was incubated on ice forr8h after addition of ~5@nglysozymeThe cells were
disrupted four timedor 30 s on ice through ultrasonicatidi®.5cycles, amplitude 100%)ith
intermittent coolingandwere eventuallycentrifuged atL0000g, 4 °C for 10min. ThecelHree
crude extract wascollected andusually subjected to purification 1{.3.2) immediately,
otherwise the crude extract was frozen with liquid nitrogen and stored-80°C.E. coli
SoluBL21 containing the pE%b plasmid but without insert gene was used as empty wecto

controland was if necessary subjected to purification as well.

3.2 Purificationof Histagged protein

Sincethe pETF15b vector already carriesiterminal Histag sequence (Hi} purification of
the respectiveprotein wasfeasibleusing metakhelate affinity chromatographwith NENTA
(nitrilotriacetic acid coupled Riion, Roth). The crude extractl(3.1) was adjustedo 10 mM
imidazole, 300mM NaCland transferred to a column containingndl of NiNTA resin which
was equilibrated witl8x1 ml binding buffer(50mM KR buffer pH8, 10mM imidazole, 300
mM NaCJ. The column was sealed and incubated on ice forlfiwas thenreopened andhe
flow-through discarded. The column was washwdce with 2 ml wash buffer(50mM KR

buffer pH8, 20mM imidazole, 300nM NaCl)Eventually, protein was collectdxy addition of
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threetimes 1ml elution buffer (50mM KPibuffer pH8, 250mM imidazole, 300 mM Nal)and

kepton ice.

3.3 Buffer exchange and desaltibggel filtration

This stepwas necessary toremove high imidazole concentrationand impurities while
transferring the proteirto the desgnatedbuffer. Theseparation is based asize exclusion of
the moleculesas they flowthrough the gel matrixSephadex G-25. ThePD10 Desalting
column (GE Healthcare) was rinsed withn25HO0 and equilibrated with25ml 0.1M KPi
buffer pH7. 2.5ml purified protein(l1.3.2) was added and the flosthrough discarded. The
column was placed on a fresh tube and 8160.1 M KPi buffer pH¥ were addedgeventually
the sample was collected’he protein was kept on ice artle protein concentration was
determinedaccording toBradford(1976) as described belowAfter completion, aliquots of
50-100pul were prepared, frozen with liquid nitrogen and stored&® °C. The P20 columns

were rinsed with KO and stored ab °Cfor further use

3.4 Determination of protein concentrations accomgl toBradford(1976)

The oncentration of purified protein was determined based Bradford (1976) Bradford
reagent was prepared witi00mg/I Coomassidrilliant Blue G250, 50ml/l 95% ethanal
100ml 85%o0-phosphoric acidfiltered twice and stored at 6C.For eachprotein sampleof
unknownconcentration as well as for thblankreference(buffer) andl mg/mlbovine serum
albumin BSAstandard, Iml of Bradfordreagentwas providedn semi microcuvettesAt 30s
intervals, 1Qul of the corresponding sample, i.e. blank, standard, prosaimplewas added
and mixed.The samples were incubateat room temperature for 2@nin, then absoption
was measured photometrically at 58Bn against the blank referendguffer in which the
protein isstored). For proteindesignated fokinetics this was performed thrice. Concentration
can be calculated using the known BSandard. © ensure that concentration is linear to the
measured absaqation over extensive ranges, increasing BSA concentas from

0.375¢ 3 mg/ml were measuredonce (n=3)
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3.5 Sodium dodecyl $phate-polyacrylamide gel electphoresis (SDBAGE)

To verify the purified protein samples for composition (presence of the target protein,
impurities) SDSPAGE was used. It allows discrimination of proteins solely based on their
molecular weighthrough SDS, whiahnaslsintrinsicchargeof residues and coats the protein
with a constant charge to mass ratibhis causes théhen negatively chargedtholeculesto
migrate toward the positive pole when exposed to atectric field. Depending on the
molecularmass the samples migrate faster or are retained more strongly by the gel polymer.
Discontinuous SDBAGE wasasicallyperformed according td.aemmli(1970) First, the
separaton gel (per gel: 1.25n11.5 M Tris/HCI pH8.8, 1.45ml HO, 2.05mI ROTIPHORE®Eel

30 (37.5:1) 200pl 10%(w/v) SDS 8l tetramethylethylenediaming(TEMEDR 35ul 10%
(w/v) ammonium persulfat¢AP$) was prepared and filled into the empty space between two
glass platesncluded with the apparatudt was overlaid withl-butanol or isgproparol for
smoothing the surfaceAfter polymerisation, lie overlay wasarefully removed and the
stacking ge(per gel: 625l 0.5M Tris/HCI pH6.8, 1.0 ml HO, 375ul ROTIPHORE®Eel 30
(37.5:1) 100 pul 10%(w/v) SDS5 pul TEMED20 ul 10%(w/v) AP$ was prepared and poured

on top. The comb was quickly mounted and potentially leaking acrylamide was removed.
Meanwhile, the electrophoresis chamber was filled with electrophoresisbuffer (for 10x
electrophoresis buffer: 25M Tris, 1.92M glycine,1%(m/v) SDS, pi8.5). After placement

of the polymersed gel, the comb was removed and the pockets weresed with buffer
several timesThe samples were proportionally mixed with 4x Laemmli bufged ml 1M
Tris/HCI pH6.8, 4 ml glycerol, 2.5n HO, 1 ml 2-mercaptoethanol, 0.01%m/v) bromophenol

blue, 8% (m/v) SD$and heated at 95C for 10 min before pipetted into the pocketpl
ROT&Mark TRICOLG#as added as markeEventually, ngration was performed at 150 for

1.5h or rather until the bromophenol bandvasto run out at the bottom of the gelAfter
compldion, the stacking gel was clipped and the separation gel was either directed to
Westernblot (11.3.6) or Coomassie stainingor the lattert was soaked ia sufficient amount

of Coomassie staining solution0.25% (w/v) Coomassie Brilliant Blue R25@5%

(v/v) methanol, 10%(v/v) acetic acid)until it turned a deep blueln addition this can be
accelerated byrief heating in the microwavim a coveredvessel The gel was then dgained

by incubation on a rocking shakier 45%(v/v) methanol, 10%v/v) acetic aciga sponge can

be addedo speed up the process
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3.6 Westernblot

After successful separation dfe proteins by sizell3.5), Westernblotting can be used to
selectively detect a specific protein. To do so, protein will be quantitively transferred to a
membraneand then treated sequentially with two antibodies, the first specifically binding the
proteins His-tag epitope and the second in turn binding the first antibody. The latter is
conjugatedwith alkaline phosphatasehich induceshe formation of two insolubl@igments
i.e.dibromodichloroindigo and a formazalerivative resulting in a purple stainingambrook

and Russell 2001)Vesternblot was performed according tdlahmood and Yan{012)using

a polyvinylidene fluoride RVDF membrane and sernry blotting technique.To avoid

carryover and contaminain, gloves were worn

First, e unstainegolyacrylamidegel(11.3.5) was equilibratedor 10-30 minin transfer buffer
(25mM Tris, 192nM glycine, 20%v/v) methanol, pHB.3, as described ifowbin et al.
(1979). Thetransfermembrane(ROT&PVDF 0.2, Rotljas successively soaked in methanol
for 15s, water for 2min and transfer buffer for at leastrhin. Besidesat least 12 pieces filter
paper of the same sizeavere moistene with transfer buffer.The blot was assembled as

follows:

6 x filter paper

polyacrylamide ge

6 x filter paper

cathode(-)

After applying each layer, air patches were removed by applying gentle pressigration

was performed with a constant currer2 (nA/cn¥ per blot) for L5h.

For the specificdetection of proteins (based onvww.sysy.com/protocols/westernbleap-
detection), the membrane was washettiree timesfor 5min with TBS buffe(L0mM Tris,
0.9%(m/v) NaCJ pH7.4, Towbin et al. 197Pand wasblocked with 5%m/v) skimmed milk
powder in TBS buffer(10mM Tris, 0.9%m/v) NaCl, 0.05%m/v) Tween 2QpH 7.4 for at

least 1.5n or overnight After another two washing steps for 5 mivith TBST, the membrane
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was then incubated upside dowon a rocking shaker at€C wth the first antibody nhouse
anti-His-tag antibody 1:10000 in TBSwith 1%(m/v) skimmed milk powderjor at least 1h
or overnight. The process was stopped by washgight times for 5min with TBST. The
second antibody (goat anthouse IgG, alkaline phosphatase conjuga®0000in TBST with
1% (m/v) BSAwas added and incubatedt room temperaturefor at least 1h. Again,the
process was stopped by washing with TB& times, Bnin). In preparatio for staining, the
membrane was equilibrated for fiin in substrate buffer (106M Tris, 100nM NacCl, 5nM
MgCh, pH9.5). Eventually, it was incubated in freshly prepared dgdution with 80 pl 5-
bromo-4-chloro-3-indolyl phosphate (BCIP) substratesoluton (20 mg/ml BCIP in 100%
dimethylformamide) andO pl nitro blue tetrazolium(NBT) substrate solutiof®Omg/ml NBT
in 70% (v/v) dimethylformamide)added to 10 ml substrate bufferuntil sufficient purple
coloration of expected spotdas set in, but not longer than 30 min, as the membrane still
darkendurther on. The dyeings stopped by washing with.Othree timesand the membrane

wasdried and photographed.

The blotted polyacrylamide gel can additionally be stained @itlomassiestaining solution
as described ih.3.5, this can also be used to check whether the transfer was quantitative or

incomplete.

4 Determination of enzyme autties

4.1 Tyrosine aminotransferagd AT)

TAT assays were performed in their entiregendpoint determinationsaccording toBusch
and Petersen2021) Qualitative studies on TAT enzyme activity were performed through
high-performance liquid chromatograph§HPLG)optionally coupled with masspectrometry
(LGMS).The underlying methodology ohgquantitative studiesanalysing pHPcluding pH
and temperature optimaas well asmost of kineticsis based onDiamondstone(1966) If
phenylpyruvate was the analyte, i.e., for measurements wigihenylalanine as the amino
group donor, measurements were performed accordingrtoet al(2017) Unless otherwise

indicated, substrates for enzyme assays were dissolved in water or the related. buffer
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4.1.1 Assays foHPLC and @S analyses

To detect the activity othe heterologouslyexpressed enzymand compare purified enzyme
and crude extractsassays were performed as follonsach assay contained 4V L-Tyr,
32mM 2-oxoglutarate, 0.08nM LJ& NJA R-phidpHate(BLE, 10 ul purified enzyme or crude
extract and IM Tris/HCI pH in a total volume of 25@l. The high buffer concentration was
necessary sinceTyr had to bereparedas a 150nM solutiondissolvedn 0.5M HC] due to
poor soubility in neutral aqueous solutian Assays were preéncubated (3C°C)in a
thermomixer or wateibath and reaction was initiated by additiofenzyme (purified or crude
extract) and further incubated aB0 °C.Incubation time was up to 3Min, accordingly the
focus here was on qualitative analysihe eaction was stopped with 100l 6 M HCland
extracted with 50Qul ethyl acetatetwice. Empty vector control reactions (crude extract and
purified) were carriedut in the same wayEthyl acetate phases were combined in each case
and evaporated. The residue was redissolved indlGff the HPLC eluent and centrifuged at
160009 for 5min, 20 pl thereof were analysed by HPL@.3.3 a) Where necessargempty
vector controlsvere prepared by replacing the enzyme/crude extrdat.identifythe reaction
product of -Tyr, samples were redissolved in 45%v) methanol andwere analysed by -C
MS(11.4.3.6 b)

Assays to examine the ketmol tautomerismand degradationof pHPP as well ags
accessibility to chromatographic methodsere performedsimilarwith the difference that
instead of HC the reactionwasoccasionallystopped with 50 pl KOHAfter an optionalrest
period of 40min, the sample was acidified with 1Q0 HC and extracted The samples were
either subjected taHPLCI(4.3.3 @) or LEMS (1.4.3.6 b). The pH transition after adtion of
KOH as well as after H&ldition was controlled by usimgH paper (~14-1).

4.1.2 Conversion of-Aydroxyphenylpyruvate telydroxybenzaldehyde

To test different influences on the conversion ofhyidroxyphenylpyruvate (pHPP) to
4-hydroxybenzaldehyde @A), smpleswith 249 pl 1M Tris/HCI pH, 50ul KOH were
prepared and incubationof 15min, 30min and 1h were started adding Jul 10mM 4-
hydroxyphenylpyruvate (pHPR)ne series was incubated at room temperature with open lid,
the second one at roontemperature under vigorous shaking and the third at°4s(water

bath). The samples were stopped with 106 M HCI, references were stopped before adding
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pHPP. Each sample was extracted twice withn@l.%ethyl acetate and was evaporated.
Samples were di®lved in 90% MeOH, 0.01%P@, directly before measurement and 20
were analysedy HPLOI(4.3.3 a)

4.1.3 Method development for photometric TAT assay

4.1.3.1 Determination of alb@rption maximum

The determination of the absorption maximum of HBA was perforttedugh dummy
assaysFor that 203ul 1 M Tris/HCI pH9, 10pl 0.1M KPi pH (enzyme storage buffer), 3@
H.O (solventfor PLP and -®xoglutaratein real assays 5ul 10mM HBA in 0.8 HCI, 2ul
0.5M HCI and 5@ 6 N KOH were prepared as wellaasorresponding referencen which
HBA was exchanged for another S0 M HCI Thisreferencewas in addition usetb dilute
samples adequately. The photometric spgaom was recordedagainst the reference

(chapterll .4.3.2.

In addition, background measurements were performed for all kinetic studies to ensure that
only the an#yte was detected. It is important to emphasize that the measurements must be
carried out in a suitable medium that reflects the actual pH value of the test sample, since
changes in pH value can have a considerable influence on the measurement. Cornegpondi

adjustments are listed in the respective section.

4.1.3.2 Linear relationship of pHPP, H®%centrationsand absoption

Dummies with 203 1M Tris/HCI pHD, 10ul purified enzyme, 2@l 400mM 2-oxoglutarate,
10ul 2mM PLP, 5@1 6N KOHand increasing HBA or pHPP concentrations in a volumegilof 7
were prepared.After incubation at 453C for 30min, absomption was determinedagainst
references lacking HBAat 330nm using acrylic cuvettes (chapterll.4.3.2. Photometer
compensatiorsolution I(11.4.1.4 wasused to dilutethe samplesThis experimental setup was

performed in the same way withdDH as alkaline agent.

4.1.4 Photometic standard methodor characterisatiorof TAT

The underlying priciple of the various enzyme assays was based on the combination of amino
donor (e.gL-Tyr), aminacceptor R-oxoglutaratg, the prosthetic group PLPurified enzyme

and a suitable buffer systein a total volume of 25@l. In general, variants af M Tris/HCI
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were used, whose high buffer capacispfficientlycompensatedfor the influence of some
acidic cesubstratesand L-Tyr dissolved in 0.81 HCI Assays were pracubated at the
indicated temperature in a thermomixer evater bath, then generally started by addition of
the enzyme (a variation would be start by substrate additem) incubated for the intended
intervaland stopped by addition of KOHor quantitative experimentghe incubation period
and enzyme dlution was determined by preceding linearity tests so timatial velocitiesare
captured The determination of PLP dependence and all subssataration kinetics was
performed using at least three independent protein expressi@a include biological
variation. References were stopped before addition of the starter. Standards for the
determination of specific activities were performed in the form of dummy tests, i.e. these
contained all test components, but instead of the substrate a defined amount of pHEP wa
supplemented followind<OH addition. All samples were th&nther incubated at 45C for

30 min and centrifuged at @000g for 5 min. Assays, standards as well as references were
diluted with a photometercompensationsolution adapted to the respective compositions
(see belowy and measured against the respective reference at 330using acrylic cuvettes
(chapterll.4.3.2.

Corresponding modifications or reasonable adjustments are listed in the respective sections.

Compensation Contents Method

solution no.

I 1M Tris/HCI pH.0 + HO+ 6N KOH linear relationship of pHPP

(21+4+5) pHoptimum
Il 1M Tris/HCI pH8.5 + HO + 6N KOH temperature gotimum
(22+3+5) PLFkinetics

L-tyrosine kinetics
L-phenylalanine kinetics

acceptance of-/ b-tyrosine

11 1M Tris/HCI pH8.5 + HO + 6N KOH oxaloacetatekinetics
(21+4+5) oxoglutarae kinetics
v 1M Tris/HCI pH for pH adjustment phenylpyruvatekinetics
pyruvate
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4.1.5 pH optimum

The pH optimum of TAT was determined using three buffer systBnitson-Robinson buffer
(0.04M phosphoric acid, 0.0¥ acetic acid, 0.0M boric acid, titrated with 0.1 NaOH in a
range of pH 4.410.0, Britton and Robinsor(1931), 0.5 M CHES buffeN{cyclohexy2-

aminomethanesulfonic aciédjustedwith 10M NaOHo a range 08.6-10.0) and 0.8 CAPS
buffer (N-cyclohexy3-aminopropanesulfonic acjéddjusted with 1M NaOH in a range of 9.7
11.0). Each assay contain@@mM 2-oxoglutarate, 0.08nM PLRandpurified enzymeAssays
were preincubatedat 30 °G then thereaction was initiated by addition afTyrfor a final

concentration of 4.2nM and further incubated at30 °C for Imin. The remaining conditions

are based onl4.1.4 The actual pHalue was measured for each agsa

4.1.6 Temperature optimum

Assay$o determinethe temperature optimumin the range of 5.8C to 75°Cconsisted ofL M
Tris/HCI pH8.5,4.2mM L-Tyr and 32mM 2-oxoglutarate. Assays were phecubated at the
respective temperaturethen the reaction was initiated by addition dhe purified enzyme
diluted in an adjusted PLP solutiofor a final concentration of 0.08\M (PLB and further
incubated for Imin. The remaining conditions are based ib4.1.4 The actual temperature

was measured foeach assay.

4.1.7 Determination of PLP dependence

To quantifythe influence of the prosthetic group PLP on enzyme actigsgaysonsisting of
1M TrisHCI pH 8.5, 80 mM-@oglutarate, 6 mM 4tyrosine and varying Ptd®dncentrations
of up to 1.92mM were prepared Solubility was increased by brief heating to 45 A€says
were preincubated at 40C then the reaction was initiated by addition dhe purified
enzyme and further incubated 40 °C for Imin. The remaining conditionsra based on
14.1.4

4.1.8 Substratesaturation kineticg L-tyrosine

To determine substratsaturation curves for-Tyr, assaysonsisting ofL M TrigHCI pH 8.5,
80 mM 2oxoglutarate and varying-Tyr concentrationsof up to 6mM were prepared.

Solubility was increased by brief heating to 45A&says were pracubated at 40C, then
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the reaction was initiated by addition of the purified enzymiguted in an adjusted PLP
solution for a final concentration of 0.48M (PLP) anflurther incubated a0 °C for2 min.

The remaining conditions are based ib4.1.4

4.1.9 Substratesaturation kineticg L-phenylalanine

To determine substratsaturation curves for-Phe assaysonsisting ofl M TrigHCI pH 8.5,
80 mM 2oxoglutarate and varying-Phe concentrationsof up to 132mM were prepared.
Assays were prancubated at 40C, then the reaction was initiated by addition of the purified
enzymediluted in an adjusted PLP solution for a final concatdn of 0.48mM (PLP) and

further incubated a40 °C forl min. The remaining conditions are based ibA4.1.4

4.1.10Substratesaturation kineticg 2-oxoglutarate

To determine substratsaturation curves foR-oxoglutarate assaysonsisting ofl M TrigHCI
pH 8.5,6 mM L-Tyr and 2-oxoglutarate concentrationsof up to 120mM were prepared.
Solubility was increased by brief heating to 45 A€saysvere preincubated at 40C, then
the reaction was initiated by addition of the purified enzymiduted in an adjusted PLP
solution for a final concentration of 0.48M (PLP) anfurther incubated a0 °C forl min.

The remaining conditions are based ib4.1.4

For direct comparison witphenylpyruvate 28 mM assays were treated as knowsyt a pH

adjustmentwith 1 M Tris/HCI pH T1.4.1.12 wasappliedto the 2-oxoglutaratesamples.

4.1.11Substratesaturation kineticg oxaloacetate

To determine substratsaturation curves fooxaloacetate assaysonsisting ofLl M Trig HCI
pH 8.5,6 mM L-Tyr and oxaloacetateconcentrationsof up to 120mM were prepared.
Solubility was increased by brief heating to 45A€says were prgcubated at 40C, then
the reaction was initiated by addition of the purified enzym#uted in an adjusted PLP
solution for a final concentration of 0.48M (PLP) anéurther incubated a#0 °C for2 min.

The remaining conditions are based ibA.1.4

For direct comparison with pyruvate, 20M assays were treated as knowhut a pH
adjustmentwith 1 M Tris/HCI pH Tl1.4.1.13 was appliedo the oxaloacetate sample3he

oxaloacetatesolution was prepared directly before use.
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4.1.12Substratesaturation kineticg phenylpyruvate

To determine substratsaturation curves forphenylpyruvate assaysconsisting of1 M

TrigHCI pH 8.56 mM L-Tyr and phenylpyruvateconcentrationsof up to 36 mM were
prepared.Solubility was increased by brief heating to 45 A€says were preécubated at
40 °C, then the reaction was initiated by addition of the pudfenzymediluted in an adjusted
PLP solution for a final concentration of 08 (PLP) andurther incubated a0 °C for
1 min. The remaining conditions are based 8®.1.4 The pH valueof the sampleswas
optimised directly beforeneasurement with M Tris/HCI pH . Loweringof the pHvaluewas

necessarylue tothe highabsoption of phenylpyruvate iralkalineconditions.

4.1.13Substratesaturation kineticg pyruvate

To determine substratsaturation curves fopyruvate assaysonsisting ofLl M TrigHCI pH
8.5,6 mM L-Tyr and pyruvateconcentrationsof up to 260 mM were preparedSolubility was
increased byrief heating to 45 °GAssays were pracubated at 40C, then the reaction was
initiated by addition of the purified enzyméiluted in an adjusted PLP solution for a final
concentration of 0.48nM (PLP) andurther incubated a#40°C for30s. The remaining
conditions are based oh.4.1.4 ThepH valueof the samplesvas optimised directly before

measurement with M Tris/HCI pH .7

4.1.14Acceptance attyrosne andb-tyrosine

To examine a potential substrate specificity taryr,assays consisting @M Tris/HCI pHB.5,

80 mM 2-oxoglutarate and énM L-Tyr orb-Tyr, respectively were prepared.Solubility was
increased by brief heating to 45.&ssaysvere preincubated at 40C, then the reaction was
initiated by addition of the purified enzymeiluted in an adjusted PLP solution for a final
concentration of 0.48nM (PLP) andurther incubated a40°C for1 min. The remaining

conditions are based oih4.1.4

4.1.15Assays for TAT substrate search

The easyto-implement substrate search was performed by appropriation and further
development othe method presented bivatheron and Moorg(1973) Assays consisting of

0.1 M KPipH8.5, 32mM 2-oxoglutarate and 2nM of the substrates to be tested, i.eTyr,
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L-Phe,.-DOPAL-Asp,L-Trp, L-Ala, -Ser and prephenatayere preparedL-Tyr, -DOPA|-Asp
were dissolvedin 0.5 M HQl For prephenate, an aminacceptor, 2oxoglutarate was
exchanged for-Glu(in 0.5 M HCl)Assays were prencubated at 40C, then the reaction was
initiated by addition of the purified enzyméiluted in an adjusted PLP solution for a final
concentration of 0.48nM (PLP) anturther incubated a0 °C forup to 45min. The reaction
was stopped by heating at 9& for 10min. To accumulate high amounts of arogenate, the
assumed reaction product of prephenate, the reaction time was prolongebh (cellulose
TLC analysis) or up to B((silica TLC analysighe samples were centrifugétl6000g, 5min)
and further analysedoy TLCI(.4.3.], a,b). By increasing th@rephenateconcentration to

4 mM and incubating with 16nM L-glutamatefor up to 2h, directdetectionby LEMSwas
also possible after OPA derivatiion, without separatiorby TLC and successive extraction

(114.3.7).

Assays containingTyr,-Phe,.-DORA, L-Asp,L-Trp, L-Ala orL-Ser were additionally subjected
to OPA derivatisation and HPUA(3.3 b).

4.1.16ldentification othe product usingxaloacetaten the reaction

Assays consisting of OM KPi pHB.5, 32mM oxaloacetate and mM or 6mM -Tyr (in 0.5 M
HCI) were prepared and treateds described inl.4.1.15 with incubation for 2 or 1h
respectively The stoppedand centrifugedassays wereanalysedby TLC 1(4.3.1, a). If
designated for identification via E@S, 6 mM.-Tyr was used anithe incubation was extended

to 90 min and analysed by TUCA(3.1, c).

4.2 Hydroxyphenypyruvate reductase (HPPR)

HPPRassays wereither performed as endpoint determinations mainly analysegt HPLC
adapted from Petersen and Alfermanr(1988) or photometric interval measurement
(substratesaturation kinetics) LGMS was used to ideify product formation. Unless
otherwise indicated, substrates for enzyme assays were dissolved in water or the related

buffer.
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4.2.1 Assays for HPLC andME& analyses

a) To detect the activity ofrude enzyme extracteand compardo empty vector control or to
detect activity ofpurified enzyme assays were performed as follows. Each assay contained
1 mM 4-hydroxyphenypyruvate (pHPRjissolved in20%ethanol) 2mM NADPKH4 mM DTT
0.04mM ascorbate and0 pl crude extractor empty vector controbr 10or 25pl purified
enzymeand0.1M KPipH7 in a total volume of 25@l. Assays were pfimcubated (3C°C)in a
thermomixer or water bath anthe reaction was initiated by addition of enzyme and further
incubated at30°C. Incubation time was up 20 min, accordingly the focus here was on
qualitative analysisThe eaction was stopped witR5ul 6 M HCI and extractetivice with
500l ethyl acetae. Ethyl acetate phases were combined in each case and evaporated. The
residue was redissolved in5aul of the HPLC eluent and centrifuged a60Q0g for

5 min, 20 pl thereof were analysed by HPL(@.4.3.3 c).

b) Enzyme assays for pH optimum were performed without ascorbate and DTT addgion
follows. Each assay containednM pHPP(dissolved in30% ethand), 2mM NADPH]10 ul
purified enzymeand 05 M KPipH5.0-9.0 ncrements of pH 0)a5n a total volume of 25@l.
Assays were prancubated (3CC)in a thermomixer or water bath anthe reaction was
initiated by addition of enzyme and further incubated30 °Cfor 5Smin. The eaction was
stopped with ® yul 6M HCI and extractetivice with 500ul ethyl acetate Actual pH values
were measured in a separate batdhthyl acetate phases were combined in each case and
evaporated. The residue was redissolved 09 ful of the HPLC eluent and centrifuged at
16000 g for 5min, 20 ul thereof was analysed by HP{LIC}.3.3 ).

c) Enzyme assaysr temperature optimumcontained ImM pHPRdissolved in30% ethano),

2 mM NADPHIO0 ul purified enzymeand 01 M KPi pH/.0in a total volume of 25@l. Assays
were preincubated at the appropriate temperatur@® to 60 °C, 8C increments, plus 70 and
80 °C)in a thermomixemntil temperature stability was achieve@ihe atual temperaturevas
measured in a reference tube with buft@rhereaction was initiated bthe addition of enzyme

and further incubatedor 5 min. The samples were further treated as described in b).

d) Enzyme assays in preparation f&tereospecificity verificatiorcontained 400l 25mM
pHPRdissolved in30% ethanad), 400 ul 50mM NADPH200 pl purified enzymeand 01 M KPi
pH7.0in a total volume 06200 ul. Assays were prencubated (30°C)in a water bath andhe

reaction was iniated by addition of enzyme and further incubatetl30°Cfor 2h. The
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reaction was stopped witlh ml 6 M HCI and extractedhrice with 5 ml ethyl acetate.The
combined ethyl acetate phases were evaporated #&hne residue was dissolved in 100

methanoland subjected to TLC (chapiéd.3.1, d).

4.2.2 Method development for photometitPPRissag

4.2.2.1 Relevant spectra

Spectra of relevansubstrates or corresponding productse. 4hydroxyphenylpyruvate
(pHPP), sydroxyphenyllactate (pPL), 3,4dihydroxyphenylpyruvate (DHPP),
3,4-dihydroxyphenyllactate (DHPL), phenylpyruvate (PP), phenyllactate ({lylraky3-
methoxyphenylpyruvate (4H3MPP) and nicotinamide adendieucleotide phosphate
(NADPH)were recorded by addinghe dissolved cmpound to 0.1M KPi pH for a
concentration of 0.12%nM (additionally NADPH inrhM) and a total volume of 800 pé&nd

measuringat 380nm against a reference containingst solventin buffer (chapterll.4.3.2.

4.2.2.2 Proteinconcentration dependerec

To verify whether an approximately linear relationship existed betw#es change of
absoption per time (dA)and the enzyme concentrations usealssays wee prepared as
follows. Each assay containedniM NADPH and 10, 20 or @#0purified enzyme with 0.M

KPipH7 ina total volume oB80 pl. For each enzyme concentration, an equivalent reference
with denatured enzymg95°C, 10min, then centrifugedor sedimentation)was preparedit

was preincubated at 30 °C for 5 min, then started by addinguP@5mM pHPP iG 30%
ethanol) and incubated for 20 min. An interval measurement380 nm was performed
throughout the incubation period(chapterll.4.3.2. To test for reactivity apart from
heterologously expressed HPPR, a second identical series of measurements was performed

using an empty vector contra@inddenatured empty vector control as a reference.

4.2.2.3 Absoption behaviourof NADPH

To verify whether NADPH in the presence of HPPR but without pHPP addition causes a change
in absoption, assaysvith 1 mM NADPH and 20 purified enzyme with MXPipH7 ina total

volume of 100Qul were measuredat 380nm against buffer as reference. A second assay with

54



Material and Methods

1 mM NADPH and 20 purified enzyme with MIKPipH7 ina total volume of 100@ was

measured againstreidentical reference with denatured enzyme.

4.2.2.4 Determination of NADPH and NADEIarextinctioncoefficient

Themolar extinction coefficientfor the cosubstratesNADPHand NADHwasdetermined by
linear regression of four measurement point$e concentratios 0.0, 0.25, 0.75 and 1 mM
were prepared foNADPHand concentrationsof 0.10, 0.25, 0.75 and 1(GmM for NADHwith
0.1M KPi pH 1n a total volume of 1000 pl. The abption of the sample was measured
against the respective identical reference withoab-substrate at 30C and 380 nm
(chapterll.4.3.2.

4.2.3 Photometical standard methodor characterisation of HPPR

The underlying principle of the various enzyme assays was based on the combination of
substrate (pHPP, DHPP, 4H3MPPpRRyate(P) hydroxypyruvatei(-HP), the co-substrate
NADPH or NADHWurified enzymeand0.1M KPi pH in a total volume of 1a@ul. Since this

wasa live measurement, i.g@hotometricalinterval measurement, the assays were prepared
directly in an acrylic cuvette and pecubatedat 30°Cin the photometer (with water circuit

or Peltier element).In addition to the samples, references were prepared for the
corresponding reference chanhecontaining all test components except the primary
substrate.The reaction was started by addition of the enzyme and incubated aC3or the
intended interval, with simultaneous measuremeiat 380nm (chapterll.4.3.2. Slow
reactions, with an extensive linear phase, could be started and measured in parallel. For fast
reactions, only one test/reference pair was measured perand very high enzyme dilutions

(upto 1:200) were used

4.2.4 Substrate acceptance and product verification

To examine the substrate acceptance profile of HRBBays ofeveral substrates, i.e. pHPP,
DHPP, 4H3MPP, PP, P ardPconsisting of 0.M KPi pH 77 mM NADPH and0-12.5mM

of thesubstratewere preparedAssays were prancubated a0 °C Thereaction wasnitiated

by addition of the purified enzymand further incubated at30 °C for5min. A second
comparativeassay was performealsingempty vector control instead of the purifieghzyme.

After completion, 50Qul was taken from both the sample with enzyme and the sample with
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empty vector, transferred to a fresheaction tube and stored at-20°C The remaining
conditions are based oih4.2.3 After thawing, thestoredassays were centrifuged6000 g,
10min), 450ul was transferred to a fresh tube amyentuallyevaporated.The residue was
dissolved in 200 pl 5% acetonitrile. 1j7l0thereof wasextracted twice with 50Ql ethyl
acetate after addition of 3@ 6 M HCI.After evaporation, dissolving in 1Q0 5% acetonitrile
and centrifugation at &000g for 5min, samples wex subjected toLGCMS (4.3.6 c) In
addition, 100uM standardsof pHPL, DHPL, 4H3MPL, PL, lactate glgderate in5%
acetonitrile wereanalysed.Since no commeral standard for DHPL was available, it was

prepared by hydrolysis of rosmarinic acid (chaptér.3.8.

4.2.5 Substratesaturation kineticg 4-hydroxyphenylpyruvai@HPP)

To determine substratsaturation curves fopHPR assaysonsisting 00.1 M KPipH7, 1 mM
NADPHand varyingpHPPconcentrationsof up to 25 mM were prepared Assays were pre
incubated at30 °C Thereaction wadnitiated by addition of the purified enzynmand further

incubated at30 °C for20 min. The remaining conditions are based ibA.2.3

4.2.6 SQubstratesaturation kineticg hydroxypyruvaté -HP

To determine substratsaturation curves for-HP, assaysonsisting 00.1 M KPipH7, 1 mM
NADPHand varying -HP concentrationsof up to 6 mM were prepared Assays were pre
incubated at30 °C Thereaction wadnitiated by addition of the purified enzynmand further
incubated at30 °C for 5min. In contrast to the other measurementgeferences were
preparedwith all test components but denatured (9%, 10min) enzyme The remaining

conditions are based oh4.2.3

4.2.7 Substratesaturation kineticg NADPH

To determine substratsaturation curves foNADPH assaysonsisting 0f0.1 M KPipH 7,
25mM pHPPand varyingNADPHoncentrationsof up to1 mM were prepared Assays were
pre-incubated at30 °C Thereaction wasinitiated by addition of the purified enzymand

further incubated at30 °C for5 min. The remaining conditions are based ibA4.2.3
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4.2.8 Qubstratesaturation kineticg NADH

To determine substratsaturation curves foNADH assaysonsisting 0of0.1 M KPipH 7,
25 mM pHPPand varyingNADHconcentrationof up to1.50 mM were preparedAssays were
pre-incubated at30 °C Thereaction wasinitiated by addition of the purified enzymand

further incubated aB30 °C for5 min. The remaining conditions are based ib4.2.3

4.2.9 Preliminary HPR1 and HPPR2 assays

To evaluate acceptance of pHPP aAdP,assays consisting of 0.1 M KPi pH 7, 1. mM NADPH
and 1mM pHPP or -HPwere prepared. To evaluate the favoured-sdostrate of AaHPR1,
assays consisting of 0.1 M KPi pH 7, 1 mM NADPH or NADH amid 0-6iPwere prepared.
Assays were prcubated at 30 °C. The reaction was initiated by addition of the purified
enzyme and further incubated at 30 °C for 20 min. The remgiconditions are based on
114.2.3.

4.3 Analyticabnd chemical methods

4.3.1 Thin layer chromatography (TLC)

a)For qualitative analyseasf several TAT substrates as describe8bych and Persen(2021)
and identification of the unknown @oacetate productsamples were centrifuged (16090
5min) and 2ul of each was applied to a silica gelfeé TLC plate (Merck). Additiaily,
references otommonly 20mmol L-Tyr,.-Phe,.-DOPAL-Asp,L.-Trp,L-Ala,L.-Serwere included.
To purify thetransaminationproduct of prephenate the full volume was appliedlong a
horizontal line.Plates were developed itt--butanol/aceticacidwater @:1:1) according to
Matheron and Moore(1973) Then,the plateswere spragd with ninhydrin solution (0.3%
(m/v) ninhydrin, 3% acetic acid in-dutanol) and heated at 90°C after drying and
photographed One exception was the plates with the applied prephenate assaysetivere

treated as described beloy(b).

b) For further analysis of arogenaés described bBusch and Petersg2021) the TL(plates
(cellulose F or silica gel 6654 Merck)were first cut into a large and a smakgment then
the smallerone was stainecandre-attached.The stationary phaseas scraped offrom the

unstained part at the samerRalue as a spot was visible on the stained parsecond sample
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with significantly lower Rvalue but within the TL-@ack was scraped off from the unstained
part as well, serving as negative contrdhe adsorbent was extracted with 250 HO,
intermitted by ultrasonication for 5Smin, followed by sh&ing (1500rpm, 5min),
centrifugation (1600@, 5min) and filter-sterilisation (sterile 0.2um PA 15mm). It was
extracted a second time with 250 HO, omitting ultrasonication, and the filter was
eventually rinsed with 500 plJ®.The samples were evaporatéa a vacuum centrifuge and
the residueswere redissolved in up to 4Ql HO, centrifuged at 6000g for 5min and
analysedoy LGMS(11.4.3.7, a).

c¢) To identify the unknown oxaloacetate product as alanthe amount of two concentrated
assays waappliedto a TLC platen a straight lingsilica gel 60=s4 TLC plate, Merclgs well
as 2yl spots near the right and left edge of the plate addition,up to 2ul 25 mM L-Ala
standard was includedChromatography was performed if-butanol/aceticacid/water
(40:10:10) The two parts containing the assay spots were cuanif stained with ninhydrin
solution (0.3%¢m/v) ninhydrin, 3% acetic acid inldutanol) after drying andvere eventually
reattached. The corresponding area on the unstained part was scraped off. In addition,
area with higheiR-value but within the TL-@ackand an area outside the Tit@ck as well as
the L-Ala standard spotvere scraped off 250l water were added to each samplmixed,
and ultrasonicated for 5 min. After incubation &600rpm, 21°C for 5min and following
centrifugation (60009, 5min) the supernatant was filteredsterile 0.2um PA 15mm).
Another 250 pl was added to the material, mixed, centrifuged and passed through the same
filter. This was finally rinsed with 500 pl. Te@mpleswere evaporatedAfter dissolving in

40 pl HO each, the samples weamalysedas described ihl.4.3.7.

d) The amount of two redissolved scaleg HPPR assays wagpliedto a TLC platén a
straight line(silica gel 6@>s4 TLC plate, Merck Supelct).addition,up to 20ul 10 mMpHPL
standard was includedChromatography was performed ifi-butanol/aceticacid/water
(63:10:27) The spot asindicated by fluorescence quenchingasscraped offeluted in three
runs with a tdal of 2.5 ml methanol(vigorous shakin@ min ultrasonicatiof and then filtered

(PVDF 0.2Am, Roth) 1 ml aliquots were evaporatedndtreated as described ih.4.3.4

e) The product of rosmarinic acid hydrolysis was apptedhe TLC platéen a straight line
(Alugram Xtra SIG/ UV254,Macherey Nagel)in addition, asufficient amount ofL0 mM
DHPL standard was included. Chromatography was performeduanol/aceticacid/water
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(63:10:27)overnight. The spot asindicated by fluorescence quenchingiasscraped off

elutedwith 1-2 ml O in 15 fractiongand filtered (Blchner funnel withilter paper).

4.3.2 Photometric measurement

Two Specord 200 Plgénalytik Jenaphotometers were used, one temperatuontrolled
via a water bath, the other via a Peltier elemeAtrylic cuvettes were used for photometric
measurements in the wavelength range >300 nm. For the range below or for recording

spectra, quartz cuvettes werused.

4.3.3 High pressure liquid chromatography (HPLC)

a) Samples were analysdry HPLC usingh&quisil ODS REB column 250 x 4 mm with 20 x
4 mm pre column, Dr. Maisg¢hvith 45% methanol, 0.01%sPIG (1 ml/min) at 283nm. pHPP,

commonly 10QuM, dissolvedn eluent or methanol, was used as standard for identification.

b) To visualize glutamate, the reaction product of TAT assays, 8PAl solution (0.067%
o-phthalaldehyde (OPA)2.5% methanol, 0.0125% r2ercaptoethanol and borate buffer
pH8.8(0.078 M HBG;, 0.03 M NaBsO7 x 10 HO, 0.02M NaCl)was added to 25 pl of each
sample After incubation at room temperature for &in, 20 pl wasanalysedoy HPLC using a
Luna C18(2) column (Bn, 150x 4.6 mm with pre column, Phenomenewjth 0.1 M NaHPQ

in 25%methanol pH 6.7%1.2ml/min) and detection at340nm. The experimental design is
based orESA Application note AWL60P(Busch and Petersen 2021)

c) Samples were analysdry HPLC usinghd&quisil ODS RE8 column (250 x 4 mm with 20 x
4 mm pre column, Dr. Maisghvith 30% methanol, 0.01%sPQ (1 ml/min) at 280nm. pHPL,
commonly 10QuM, dissolved in eluent or methanol, was used as standarddentification

andquantification.

d) To determine rosmarinic acid concentration @20from each of theextracted samples was
analysed by HPLC using a Equisil OBDEBBRBIumn 250 x 4 mm witi20 x 4mm pre column,
Dr. Maisch)with 50% methanol, 0.01%3RQ (1 ml/min) at 280nm. Rosmarinic acid, 25M
and 100uM, dissolved in eluent or methanol, was usedstandardfor identification and

guantification.
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4.3.4 Preparative HPLC

Eachsampleof the unknown pHPL enantiomesas dissolved ia00 ul eluentandanalysedyy
HPLC using a Nucleodur Sphinx RP columqm(325 x 4 mm with pre column, Macherey
Nage) with 30% nethanol, 0.01% H3PO4 ifi/min) and detection at280nm. The pHPL
fractions were collected and the combined entity waxtracted thrice with 10ml ethyl
acetate The resultingen aliquots were evaporatednd eventually analyseas described in

11.4.3.5

4.3.5 Chiral HPLC

20 pl of the isolated unknown pHPL enantiomer dissolved inpld8opropanol, 0.1%
trifluoroacetic acid (TFA) were analysed by HPLC us@igralcel OD column (25 x 4.46 cm
with pre column,Daice) with 92.5%n-hexare, 7.5% isopropanol).1%TFA(1 ml/min) and
detection at280nm. 20l of 20mM bDL-pHPL as well &mM L-pHPLwere used as referense
Additionally,5 mM -pHR. were added tothe unknown pHPL enantiomemnd analysed as

described.

4.3.6 Liquid chromatography mass spectrometry (ES)

LCMS analyses werg¢hankfully handled byRixa KrautlLenaChristin LudwigRadtkeand
Johanna Schafevith LGMSinstrumentskindly provided byProf. Dr. ShiMing Li

Analysis was performed using an Agilent 1260 HPLC system with detection in a diode array
detector (190400nm) and affiliated Bruker DaltoniaricrOTOR) [IIMS with ESI source,
negative modeThree LCmethods(a, b, ¢ ushg 0.1%(v/v) aqueous formic aci@solvent A)

and 0.1%v/v) formic acid in acetonitril§¢solvent Bwere used,details areshownbelow.

a) 0c40 min 5% B 100%(lineargradien), 40c45 min 100% B, 450¢55 min 5% B, flow rate

0.25 ml/min at 20 °C

b) 0¢10 min 5% B  100%(lineargradiend, 10¢15 min 100% B15.10¢20 min 5% B, flow rate

0.50 ml/min at 25 °C
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€) 0¢30 min 5% B 100% (linear gradientB0¢35 min 100% B35¢40 min 5% B, flow rate

0.30ml/min at20°C

a&b) For each run, assample volume of 510ul was injected and separatedsing the

adzZf 623aLIKSNI mun wt my O22Chdavigfographip Servile) H YY I p >

c) For each run, a sample volume ei1®ul was injected and separated using th®spher

PUR 100 C1BI-SE150 x 2 mm3> Y VDS optilap

4.3.7 LCGMSc¢ OPA derivatisation

To qualitatively identify nascent arogenate, TAT assays with prephenateGlngeithetheat
inactivated (11.4.1.19 or purified using TLGwvere subjected to OPA derivatisation and
subsequent analysis by IMS.In addition this method was used to identify putative alanine.
For that,30 pl of each ample was supplemented with 1(I acetonitrile andderivatised with
10 ul OPA solutior{0.27% OPA, 10% methanol, 0.05%h& captoethanol and borate buffer
pH8.8(0.078 M HBQ, 0.03 M NaB4O7 x 10 HO, 0.02M NacCl). The prepared samples were
quicklyanalysedyLGMSusing methoda (11.4.3.6. Additionally, asolvent reference with 20%
(v/v) acetonitrile was analysedn the case of alanine, @Alastandard wa derivatsed and

analysedsimiliarily.

4.3.8 Rosmarinic acid hydrolysis

20 mg rosmarinic acid and 208g Rhozyme HPL50 were dissolved in inM ascorbic acid
0.1M ammonium acetate The mixture was flushed with nitrogeior 10 min, sealedwith
aluminium foiland incubated at 30°C for 5h. Thereaction was stopped with thl 6 M HCI.

3 ml saturated ammonium sulfatevere added, followed bxtraction with 4 x 10nl ethyl
acetate, interrupted by centrifugatiorbQ00g, 25°C, 5 min)The ehyl acetate phases were
combined and evaporateth pearshaped flasks. Theesidue was dissolved in 1nd ethyl
acetate, transferred into reaction tubes and evaporated aga@he residue was dissolved in
0.5ml ethanol andapplied onto silica TLC platéchapter 4.3.1, e). After centrifugation
(16000g, 2min) of each extracted sample, an abption spectrum (206400 nm) was
recorded in a photometer, matching samples with clear maximum ain28@ere combined,

filtered (PVDRyringefilter 0.45um) and freezedried. The residue was dissolved in® the
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absoption was measured at 280m and used to aculate the concentration. The DHPL

samples were @justed to 10mM.

¢: molar concentration [mol/l]

A: absoption

s: molarextinctioncoefficient [| mof cnr] or [1000 cmd mol?]
d: pathlength [cm]

4.4 Culturecharacterisation

4.4.1 Cultivation and harvesting

AnAnthoceros agrestisulture was propagatetbr several weekgyooledat the reference dg

(day 0), andb g of suspension celisere distributedon each ofa series of flasksontaining

50 ml CBM mediumThe fasks were further incubatednder permanent daylight conditions

on a gyratory shaker (10@m) at 25°C.Cells were harvestely suction filtrationon each of

the following 14 days and immediately afteoculation Since fresh weight was low at start,
two flasks were needed for day 0, 2and 3. Fresh weight was determined directlyanpre
weighedBuchner funnel and after transfer to a Petri dish. Samples were then collected for
both RNA extractiofil.2.2) and rosmarinic acid determinatidii.4.4.3), with the exact weight
noted for the latterand werestored at-80 °C after freezing with liquidANThe medium was
collected andanalysedmmediately afterwardsAfter completion of the collection, samples

dedicated to rosmarinic acid determination were freetsed.

4.4.2 Sugar content pH valueand conductivit of the culture medium

The sugar contentof the culture mediumwas measuredusing a calibrated hand
refractometer. The pHvaluewas measured using@H electrodeat room temperature JiT XK
0.5). For conductivity measurement, the medium was diluted W#h ultrapure water

(conductivity<0.056 uS/cmnT »X.8) and measured with a calibrated condaoteter.
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4.4.3 Rosmarinic acidxtraction fromAnthoceros agrestis

Samples were eactuspended ir2 ml 70% ethanolnd ultrasonicated at 70Cfor 10min.
After vigorous mixing, this procedure was repeated once, followed by centrifugéd@d0g,
10min). From this, 1 ml was taken and std at-20 °C until measuremerfthapterll.4.3.3
d).

5 Bioinformatics

The following table comprises the underlying amino acid sequencesof several
aminotransferaseised formultiple sequencealignment (Clustal Omeg®Jadeira et al. 201p

and phylogeneticsThe term "described by" does not automatically refer to the firstnimn

of the said enzyme or sequendaut to thework which provided the relevant information for
inclusioninto the comparisonAccordingly, the functional description is, if necessary, strongly
broken down and does not reflect the actual research baakgdoof the authorsln most
cases, an enzymatliochemicalcharacterisationor expressionprofiling took place there,
which suggests the specific functidfour sequences are listed as putative since no applicable

information was available.

The phylogenat tree was created with Mega 7 maximum likelihood analysismaret al.

2016 andreliability was assessed by mdlieg 1000 bootstrapeplicates.

Description Functiord Description Acc. No. Described by
(NCBI, Uniprot)
Arabidopsis thaliana | Tyrosine aminotransferase 1 NP_200208 Wang et al. 2019
(tyrosine metabolism and
degradation)
Arabidopsis thaliana | Tyrosine aminotransferase 2 NP_198465 Warg et al. 2019

(tyrosine metabolism and
degradation)

Scutellaria baicalensiq Tyrosine aminotransferase 1 AIV98132 Kim et al. 2014b
(RA biosynthesis)

Scutellaria baicalensiq Tyrosine aminotransferas2 AIV98133 Kim et al. 2014b
(RA biosynthesis)

Prunella vulgaris Tyrosine aminotransferase AJW87632 Ru et al. 2017
(RA biosynthesis)

Salvia milthiorrhiza Tyrosine aminotransferase ABC60050 Huang et al. 2008b
(RA biosynthesis) Xiao et al. 2011

Perilla frutescens Tyrosine aminotransferase ADO17550 Lu et al. 2013a
(RA biosynthesis)

Coleus blumei Tyrosine aminotransferase CAD30341 Biastoff 2003

(RA biosynthesis)
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Papaver somniferum | Tyrosine aminotransferase (Alkaloi ADC33123 Lee and Facchini 201
biosynthesis)
Atropa belladonna Phenylahnine aminotransferase AHN10104 Bedewitz et al. 2014

(tropanealkaloid biosynthesis)

RosaYves Paiget

Phenylalanine aminotransferase

Supplementary

Hirata et al. 2012

(2-phenylethanobiosynthesis) information
Physcomitrium pateng Probable aminotransferase TAT2 | XP_024361307
Klebsormidium nitens| Tyrosine aminotransferase GAQ85880
Marchantia Hypothetical protein OAE18929
polymorphasubsp. AXG93_1976s1350 putative
ruderalis
Selaginella Probable aminotransferase TAT2 | XP_024536669
moellendorffii
Alanine aminotransferase QI9SR86 Parthasarathy et al.
Arabidopsis thaliana | (alanine catabolism, osmotic stresg (At3g08860) 2019
response
_ Histidinolphosphate CAA70403 El Malki et al. 1998
Nicotiana tabacum .
aminotransferase
Methionine 3-IPAaminotransferase | AAP68293 Zheng et al. 2013;
Arabidopsis thaliana | (auxin/ethylene biosynthesjs (At1g80360) Pieck et al. 2015
tryptophan homeostasis
. . . glutamate/aspartate:prephenate Q9SIE1 Graindorge et al. 201(
Arabidopsis thaliana aminotransferase (At2g22250)
. . : Tryptophan aminotransferas@uxin | AAO63403 Tao et al. 2008
Arabidopsis thaliana biosynthesis) (Atlg70560)
Oryza sativa Alanine aminotransferase BAA77261 Kikuchi et al. 1999
Arabidopsis thaliana Ala_nine/glutamate:glyoxylate AANG62333 Liepman and Olsen
aminotransferase 2003
. Aspartateaminotransferase AAC50015 Gebhardt et al. 1998
Glycine max .
(cytoplasmiq
Aspartate aminotransferase P46643 Wilkie and Warren
Arabidopsis thaliana | (mitochondrial) 1998; Schultz and
Coruzzi 1995
Aspartateaminotransferase P46645 Wilkie and Warren
Arabidopsis thaliana | (cytoplasmic) 1998; Schultz and
Corwzi 1995
Aspartate aminotransferase P46248 Wilkie et al. 1995

Arabidopsis thaliana

(plastidic)

Wilkie and Warren

1998

6 Primer list

Partiatlength primer

Name { Slj dzS yoO¥&L 6 p W Tm | Target| Comment
[°C]

Ap6389TATIf GAGCACCTGCCGTTCGAG 60.5 TAT

Ap6389TAT2r CAAATGAGGATCCATCCCAACC 60.3 TAT
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RACE primer
Name { Slj dzSyoO¥&0 6 p W Tm Target| Comment
[°C]
AaTAT_RACE3 | TCGATCGCGTGCCTCGCGGCGGAAGG 74.3 TAT
AaTAT_RACE5 | CAGCTCCGCAACCTGCTCGAGGTCCACC 73.9 TAT
AaHPPRBRACE GATTACGCCAAGGEGCCCGTGGTGGACGAGC 67.5 HPPR
5-AaHPPR GATTACGCCAAGUOETGAGTCTCCACAGTCGCGCTGG| 73.9 HPPR | In-Fusion
cloning
5-AaHPPR GATTACGCCAAGCBGAGGGGCTTTCCTGCGAAATGCG| 71.1 HPPR | In-Fusion
cloning
FulHlength primer
Name { Slj dzS yoO¥&0 6 p W Tm Target| Comment
[°C]
AaTATVLAf TATATCATATGGCCACAGTCCTGAACCAGAAGCG 68.0 TAT Ndel restriction
site
AaTAIVLr ATAATCATATGCTAGTTTTGGACGGACGCATGTCGAA 68.1 TAT Ndel restriction
site
P-TAT7 GGTGCCGCGCGGCAGCCATATGGCCACAGTCCTGAS 62.4 TAT Homologous
recombination
P-TAT8 GGCTTTGTTAGCAGCCGGATCCTCGAGCTAGTTTTG( 62.4 TAT Homologous
CATGTC recombination
AaHPPR/Lf ATAATCATATGGCGGCGGTGGAGGGGAAG 67.6 HPPR | Ndel restriction
site
AaHPPR/Lr TTTCTCGAGCTAGAAATGGAGAGGTGTGACGAGG 64.6 HPPR | Xhol restriction
site
AaHPRZ ATAATCATATGTGCGCCTGCTTCTACG 58.8 HPPR2| Ndel restriction
site
AaHPR2 TTTCTCGAGTCACATGTAGTCAGCAGTGAAG 58.4 | HPPR2| Xhol restriction
site
AaHPRZ ATAATCATATGCAGGCACTGAGGTTGTTG 59.8 | HPR1 | Ndel restriction
site
AaHPRY TTTCTCGAGTCAGAGCTTAGCAGACGTTCC 59.8 | HPR1 | Xhol restriction
site
gPCR primer
Name { Slj dzS yoOU&L 6 p W Tm Target| Comment
[°C]
gPCRPL-Actinf TTTTGAGCAGGAACTGGATAC 55.9 Actin
gPCRP2ActinT ATACCAGCAGCCTCCATAC 56.7 Actin
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gPCRP1-StP2af GTGTGTGTCCATCTATCACC 57.3 StP 2a
gPCRP2StP2ar AAGACCTCCTCCAACTCC 56.0 StP 2a
gPCRP3TAT GGGACATTGTGGAAACGAAG 57.3 TAT
gPCRP4TATFr TCCAAAATCCCAGCCGAGT 56.7 TAT
gPCRP5HPPR CGCGGGTTTGGATGTTTAC 56.7 HPPR
gPCRP2HPPR AATGGAGAGGTGTGACGAG 56.7 HPPR
gPCRP3HPPRY | CAAGACTCCCTACACCTAC 56.7 HPPR2
gPCRP4HPPRy | CGATAATCTCCCTCCCAAC 56.7 HPPR2
gPCRPL-HPRIf GCCCAATTCCAACGATGTG 56.7 HPR1
gPCRP2HPRr AGAGCTTAGCAGACGTTCC 56.7 HPR1
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7 Vector maps

pDrive(Qiagen)

Accb5|
Kpnl
Sphl
Pstl

origin

N
5
=

S

=

pDrive Cloning Vector
3.85 kb g Y S| A

a7 i;oa(IDIO‘?I

Sad
Notl

M13 reverse primer
binding site T7 promoter

5' GAA ACA GCT ATG ACC ATG ATT ACG CCA AGC TCT AAT ACG ACT CAC TAT AGG GAA
3' CTT TGT CGA TAC TGG TAC TAA TGC GGT TCG AGA TTA TGC TGA GTG ATA TCC CTT
M T M I T P ] s N T T H X R E

LacZ a-petide coding sequence

Acc651 Mlul
KpnI SphI PstI SnaBI BamHI EcoRI

| | | | |
AGC TCG GTA CCA CGC ATG CTG CAG ACG CGT TAC GTA TCG GAT CCA GAA TTC GTG
TCG AGC CAT GGT GCG TAC GAC GTC TGC GCA ATG CAT AGC CTA GGT CTT AAG CAC
S s Vv P R M L c T R Y v s D P E F VvV

Sall
Accl HindIII AvrII
EcoRI HincII XhoI StyI Nhel Xbal

| | | | |
ATU A TCT GAA TTC GTC GAC AAG CTT CTC GAG CCT AGG CTA GCT CTA GAC CaC
TA UT AGA CTT AAG CAG CTG TTC GAA GAG CTC GGA TCC GAT CGA GAT CTG GTG
s E F v D K L L E P R L 1 L D H

Eco72I Ecc0109I SacI
BstXI Apal NotI -
| | | | | SP6 promoter
ACG TGT GGG GGC CCG AGC TCG CGG CCG CTG TAT TCT ATA GTG TCA CCT AAA TGG
TGC ACA CCC CCG GGC TCG AGC GCC GGC GAC ATA AGA TAT CAC AGT GGA TTT ACC
T o4 G G P s s R P L Y s I v s P K W

Mi3 forward (-20) primer Mi3 forward (-40) primer
_binding site _binding site

CCG CAC AAT TCA CTG GCC GTC GTT TTA CAA CGT CGT GAC TGG GAA AAC 3°
GGC GTG TTA AGT GAC CGG CAG CAA AAT GTT GCA GCA CTG ACC CTT TTG 5°
P H N S L i O £ L Q R R D W E N

(1717 promoter

i SP6 promoter

260

314

365

419

467
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PETF15b (Nwvagen)

PET-15b seq Bpu1102 1(267)
T7 promoter 463-479 EcoR 1(5706) BamH [(319)
T7 transcription start 452 Aat 11(5635) Xho 1(324)
HiseTag coding sequence  362-380 Ssp 1(5517) N(:(')‘f(:slsf):)}sﬂ
Multiple cloning sites Sca I(5193) Xba 1(428)
(Nde1- BamH 1) 319-335 Pvu 1(5083) Bgl 11(434)
T7 terminator 213-259 Pst 11458) SgrA 1(535)
lacl coding sequence (866-1945) 222&??‘/1521)
pBR322 origin 3882 —

1 4
bla coding sequence 4643-5500 Ahd (4713)

5 Miu 1(1216)
o Bcl 1(1230)
®
2 || {BstE Nt13e7)

AlwN 1(4236) p (E‘?(-)t-a?);?)b § Apa [(1427)
]

BssH 11(1627)
Hpa 1(1722)

BspLU11 1(3820)

Sap 1(3704)

Bst1107 1(3591)

Acc 1(3590)

BsaA 1(3572)

Tth111 1(3565)

PshA 1(2061)

Eag 1(2284)
Nru 1(2319)

BspM 1(2399;
Bsm 1(2704) P )

Bpu10 1(2926) \Msc oS

T7 promoter primer #69348-3

T7 promoter lac operator Xbal

AATACGACTCAC TATAGGGGAAT TGTGAGC GRBATAACAATT

Hls-Tag

CCACECATCATCATEATC ATCAC A
'.af CATLATLATLATLY

\TCACAGCAGCGE

ySerSerHisHisHIsHisHIsHIsSerSerGl

..’E.’.’n;’n\uu.a’-

\srlyshlalrg

AAGEA A a
AAGGAAGC TGAGTTGE

LysGluAlaGluleuh

-
T7 terminator primer #69337-3

pET-15b cloning/expression region
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pPRACE (Clontech/Takarabio)

Linearization Site

]
(2526) EcoRI ‘HindIII (1)

lag
Pr
mology to be 4 °m,
200 3 : Adleg e
£ - -
& e ¢ud s\on HOm: 'Ogy to Up o
& o ' 4 15
S ; Yy
& won Clomn
Q gus g
& A\ Slte
£

pRACE
2656 bp

EcoRI HindIII

acggccagtgaattcctaatacgactcact inFusion aagcttggcgtaatcatggtcatagctgt

N DD S . T e e oS

tgccggtcacttaaggattatgctgagtga c‘;:? ttcgaaccgcattagtaccagtatcgaca

In-Fusion Homology to UPM  In-Fusion Homology to be Added to GSP

8 Genotypes of bacterial strains

E. coliEZ (Qiagen)

F'Tn10(TQ lacF lacZ deltaM15recAl end Al hsdR14t ginV44 thil gyrA96 relAl
Low-copynumber F plasmifF'::Tn10(Tg proA"B* lacP Z deltaM15]

E. coliSoluBL21 (amsbio)

F ompThsdss (re- me-) gal dcmd 5 9 0 U 1
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U ¢KS {2fdz [HMm

AGNIAY O2yidl Aya

dzy OKF N} OG SNAT SR Ydz

These mutations make the strain able to express insoluble proteins in soluble form, fully or partially,
in most tests conducted (ambsio SoluBL21 datasli=08.2022).

9 List of reagents, enzymes and kits

Product Jecifications Producer/Distributor
Calf Intestine Alkaline Phosphatase 1U/ul Fermentas
(CIAP)
10X Buffer for CIAP
DNAse | RNAseree, 1U/ul Thermo Scientific
10X Reactiobuffer for DNAse | with MgCh Thermo Scientific
EcoRl 10U/l Thermo Scientific
10X EcoRlI buffer
GeneRuler 1 kb DNA Ladder Mix 0.5ug/ul Thermo Scientific
GeneRuler DNA Ladder Mix 0.5ug/ul Thermo Scientific
Goat anttmouse secondary antibody | Conjugated alkaline| Life Technologies
phosphatase (A16087)
GoTa®FlexiDNA PolymeraskKit 5 U/l Promega
Mouse anti6xHistag monoclonal Invitrogen
antibody (MA1-21315)
Ndel 20U/ul New England Biolabs
CutSmart Buffer
PerfeCTa SYBR Green SuperMix Quanta Biosciences
NucleoSpin@&xtract Il Kit MachereyNagel
NucleoSpi®Gel and PCR Cleap MachereyNagel
Phusion® Highkidelity DNA Polymerase 2 U/ul New England Biolabs
Qiage®PCR Cloning Kit Qiagen
QIAprep Spin Miniprep Kit Qiagen
gScrip# cDNA SuperMix Quanta Biosciences
RevertAid First Strand cDNA Synthesis Thermo Scientific
RNase A 10 mg/mi Fermentas
ROTIPHORE®Eel 30(37.5:1) Roth
ROTI®MarkRICOLOR Roth
ROTI®Garoddis/Ni Beads Roth
SMARTe&wv! /| 9 pQkoQ YA Clontech
T4 DNA Ligase 5 U/l Fermentas, Thermo
Scientific
Xhol 20U/ul Thermo Scientific
10X Buffer R
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10 List of chemicals

Chemical Producer/ distributor
1-butanol Roth
1-naphthaleneacetic acid (NAA) Duchefa
2,4-dichlorophenoxyacetic acid (2[3) Duchefa

3,4-dihydroxyphenylpyruvate (DHPP)

Advanced Chemblocks, BLDpharm

3,4-dihydroxyphenyllactate (DHPL)

rosmarinic acid hydrolysis (chap#:3.8

4-hydroxybenzaldehydéHBA) Alfa Aesar
4-hydroxy-3-methoxyphenyllactic acid Sigma
4-hydroxy-3-methoxyphenylpyruic acid TCI
Dl-4-hydroxyphenylladgt acid(pHPL) SigmaAldrich
L-4-hydroxyphenylladt acid(L-pHPL) Interchim
4-hydroxyphenylpyrui acid(pHPP) Sigma Aldrich, Serva
5-bromo-4-chloro-3-indolyH -D- Roth
galactopyranosidéx-gal)

5-bromo-4-chloro-3-indolyl phosphate (BCIP)| Roth

acetic acidglacial) Roth

acetonitrile Fisher Scientific, Roth
acrylamide 30%/bisacrylamide 0.8% (37.5:1) Roth

agar Cero

agarose(NEEO Ultr&ualita) Roth

L-alanine Merck

ammonium acetate Roth

ammonium persulfate (APS) Sigma

ammonium subhate Roth

ampicillin, sodium salt Roth

L-ascorbic acigsodiumsalt Roth

L-asparic acid

Roth, Duchefa Biochemie

boric acid

Roth

bovine serum albumin (BSA)

Roth

bromophenol blue

Merck

buffer solutionspH 4.0, 7.0, 10.Qcalibration
of ph-electrode)

Roth Chemsolute (Th. Geyer)

calcium chloridedihydrate SigmaAldrich
cetyltrimethylammonium bromid€¢CTAB) Roth
chloroform Roth

citric acid Merck
cobalt(ll) chloride, hexahydrate Merck
Coomassie® Brilliant Blue G250 Serva, Fluka
Coomassie®rilliant Blue R250 Serva
copper(ll) sybhate, pentahydrate Fluka
dNTPs (dATP, dCTP, dGTP, dTTP) Fermentas
dimethylformamide Merck
dipotassium phosphate Roth
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disodium 2oxoglutarate dihydrate Merck
disodiumethylenediaminetetraacetate Roth

dihydrate (disodium BETA)

dithiothreitol (DTT) biomol
dNTPsdATP, dCTP, dGTP, dTTP) Fermentas
L-DOPA Sigma
ethylenediaminetetraacet acid (EDTA) Merck

ethanol Roth

ethidium bromide AppliChem
ethidium bromidesolution (0.025%) Roth

ethyl acetate Roth, Labochem International
L-glutamic acid Serva
D-(+)}glucose Roth

glycerol Roth

glycine Merck
guanidine hydrochloride solution 6 M Roth

guanidine hydrochloride solution 18l PanReac AppliChem
guanidine thiocyanate Roth

H-O for injection Serumwerk Bernburg
hydrochloric acid (37%) Roth
hydrochloric acid (32%) Fisher Chemical
imidazole Roth
indole-3-acetic acid (I1AA) Duchefa

iron(Il) sulphate heptahydrate Fluka
isopropanol Roth

ia 2 LINRoDéhfogalactopyranoside (IPTG)| Roth

kinetin Duchefa
lithium i -hydroxypyruvatenydrate SigmaAldrich
lysozyme Roth
magnesium suydhate heptahydrate Merck
magnesium chloride hexahydrate Roth
manganese(ll) sulphate monohydrate Duchefa

i -mercaptoethanol Merck
methanol Fisher Scientific
milk powder Spinnrad
myao-inositol Roth

NADH disodium salt Roth

NADPH, tetrasodium salt

Roth, PanReac Applichem

N-cyclohexyl2-aminomethanesulfonic acid
(CHES)

Roth

N-cyclohexy3-aminopropanesulfonic acid Roth
(CAPS)

nicotinic acid Duchefa
ninhydrin Merck
nitrogen, liquid Linde
nitro blue tetrazolium (NBT) Roth
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N-lauroyl sarcosine Sigma
N-Z-Amine® A Fluka Analytical
oxaloacéate Fluka

phenol (citratebuffer saturated) Sigma Aldrich
- -phenyllacate Sigma
L-phenylalanine Roth
o-phthalaldehyde (OPA) TCI
o-phosphoric acid (85%) Roth
polysorbate 20 (Tween 20) Serva
polyvinylpyrrolidongPVR Sigma
potassium acetate Chemsolute
potassiumchloride Roth
potassium dilydrogen phosphate Roth
potassium hydroxide Merck
potassium iodide Merck
potassium nitrate Roth
pyridoxal phosphate (PLHhZonohydrate Roth
pyridoxine hydrochloride Duchefa
prephenic acigbarium salt Sigma Aldrich

Rhozyme HR50

Pollock and Pool

rosmarinic acid

Isolated fromMelissa officinalis

L-serine Roth
sodium acetatdrihydrate Merck
sodium chloride Roth
sodium citrate Roth
sodium dihydrogemhosphate dihydrate Roth
sodium dodecyl sulphate (SDS) Roth
sodium hydroxide Merck, Roth
sodium molybdate dihydrate Fluka
sodium phenylpyruvate Fluka, Roth
sodium pyruvate Fluka
sodium tetraboratedecahydrate Roth
sucrose food quality
tetracycline hydrochloride Sigma
tetramethylethylenediamine (TEMED) Roth
thiamine hydrochloride Roth
trifluoroacetic acidTFA) Roth
tris(hydroxymethyl)aminomethane (TRIS) Roth
tryptone/peptone ex casein Roth
L-tyrosine Merck
D-tyrosine Roth
tris(hydroxymethyl)aminomethan@'R1$ Roth
L-tryptophan Roth
tryptone/peptone Roth
xylene cyanol Fluka
yeast extract Roth
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| zinc suphate heptahydrate

| Merck

11 List ofcommon and analyticabnsumables

Product specifications Producer/distributor
cuvettes, acrylic semimicro Sarstedt
cuvettes, polystyrene micro Sarstedt
PD10 columnsSephadex @5M GE Healthcare
reaction tubes Sarstedt
Rotilabo®syringe filter, PA, sterile| pore siz 0.20um, Roth

15mm
Rotilabo®syringe filter, NDF poresiz 0.2 pm, Roth
sterile 33mm
pipette tips Sarstedt
TLC Cellulose F 20 x 20cm Merck
TLC Silica gel 665k 20 x 20cm Merck, Supelco
Transfer membrane RCGRIPVDF 0. 300 x 30 cm Roth

12 List ofinstruments

Type Instrument Manufacturer/ Distributor
-80°C deep freezer C585 innova New Brunswick Scientific
AL0202-100 AdvantagelLab
autoclaves VXx95 Systec
VX150 Systec
. SemiDry-Blotter Roth
blotting chamber PROfessional
Bunsen burner Flammy S Schutt

Heraeud-resco 17

Thermo Scientific

HeraeusPico 17

Thermo Scientific

centrifuge Centrifuge 5415 D Eppendorf
3-30KS Sigma
Micro Centrifuge SD Roth
conductometer Eutech Expert CTS Thermo Scientific
freeze drier Alpha 12 LDplus Christ
gel documentation system FASDIg Nippon Genetics
DocPrint VX2 (1126M) | Vilber
Certoma®Sl| B. Braun Biotech
gyratory shaker International
Ecotron Infors HT
10X 400 Gallenkamp
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electrophoresis chamber

HPLC

multiSUB Midi CleaverScientific
Agagel Mini Biometra Biome. Analytik GmbH
D-2500 Chromate Merck-Hitachi
Integrator
L-4000 UV Detector Merck-Hitachi
L-6200A Intelligent Pump| Merck-Hitachi
L-4250 UWIS Detector | Merck-Hitachi
L-6200 Intelligent Pump | Merck-Hitachi
655A40 Auto Sampler | Merck-Hitachi
SpectraSystem SCM100( Thermo Electron
Corporation
SpectraSystem UV1000 | Thermo Electron
Corporation

SpectraSystem P4000

Thermo Electron
Corporation

Equisil ODS RBB column | Dr. Maisch
HPLC columns Chiralcel OD Daicel
ice machine AF 80 Scot_sman
RF0244A Manitowoc
incubator Jouan EB280 Jouan
Scanlaf Mars Labogene
laminar air flow Laminar Flow Microflow
Workstation
Agilent 1260 series Agilent

LCMS micrOTOM) Il MS with | Bruker Daltonics
ESI source
Multospher 120 RP18 CSChromatographie Servic
column

LGMS column VDSpher PUR 100 GMB | VDS optilab
SE

magnetic stirrer with hotplate | MR 3001 Heidolph

mixer Vortex—ngieZ Scientific Industries
Vortex Mixer VM300 neolab

oven U 40 Memmert
FiveEasy + electrode Mettler Toledo

oH meter Accumet Basic _ Fisher_Scientific
Glass body, combination| Hannainstruments
pH electrode
UV-mini-1240 Shimadzu

photometer Specord 200 PLUS (blue| Analytik Jena
Specord 200 PLUS (red)| Analytik Jena

pipettes Pipetman 20, 200, ml Gilson

protein electrophoresis Mini-Protean 3 Cell Bio-Rad

chamber

refractometer Optronic HR18 A.Kruss

rocking platform

Rocker 35 EZ

Labnet International
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Duomax 1030 Heidolph Instruments
rotary evaporator Rotavapor RE 120 Bichi

EG30&8M Kern

440-35A Kern
scale 44047 Kern

Explorer EX225D Ohaus

H64 Mettler

Mastercycler gradient Eppendorf
thermocycler MyCycler BioRad

PikoReal 96 Thermo Scientific
thermometer Checktgmp L Hanna

Amadigit ad 14h Amarell

. uniTHERMIX 2 LLG Labware
thermomixer .

Thermomixer comfort eppendorf
ultrapure water OmniaPure stakpure
ultrasonic bath Sonorex Super RK 510 H Bandelin
ultrasonic processor UP 200 s dr.hielscher GmbH
UV lamp HL-6-KM Bachofer
vacuum centrifuge RVC 218 CDplus Christ
vacuum pump MZ 2C NT Vacuubrand

Drehschieberpumpe P 4 | limvac GmbH
Voltage controller EV3020 Consort

EV2310 Consort

E835 Consort
water bath EPA/KUE Julabo Labortechnik GmbH

Thermomix ME B. Braun Biotech

International

B 465 Bichi

13 Software and web applications

Software/Application

Manufacturer/ Distributor

AspectUMVL.5 Analytik Jena
Blastn NCBI
Blastp NCBI

Bruker Data Analysis

Bruker Corporation

ChemDraw 20

PerkinElmer Informatics

CLC Sequence Viewer 8

CLC bio (Qiagen)

Conserved Domain Research (CDD) NCBI

EMBOSS Needle EMBLEBI

GraphPad Prism 5 GraphPad Software
HPLC System Manager 4.0 Hitachi

Inkscape 1.1

Inkscape communityGNUGPL
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Mega 7

Pennsylvania State University

Office 365 (Word, Excelpffice 2019

Microsoft

PikoReal Software 2.2.250.602

Thermo Scientific

Universal Protein Resource (UniProt)

UniProt consortium

WINASPECT PL43.9.0

Analytik Jena

www.hornworts.uzh.ch/en.html
Anthoceros genomes, blast

University of Zurich
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lIl Results
1 Tyrosine aminotransferase (TAT)

1.1 RNA extraction and cDNA synthesis

RNA from Anthoceros agrestisuspensiorcultured cellswas extractedusing the acid
guanidinium thiocyanatgphenolkchloroform extractioraccording toaChomczynski and Sacchi
(1987) After reconstitution of dried RNA with water, integrity welsecked through agarose
gel electrophoresis andacentrations at 26Gim as well aghe 260/280 ratio were measured
photometrically.Fig.6 and Table 1 show the results i exemplaryextraction ofAnthoceros
agrestiscells afterafour-day growth phase in CBM mediu®amples 1 and 2 showed higher
RNA concentrationand more distinct ribosomal subunit bandsthe agarosegel, i.e. distinct
28S and 18S and blurry B8NA the latter missing in samp$e8 and 4 The260/280 ratio was
comparable for alfour samples Ideally, it should be~2.Q indicatingpure RNASince sample
3and4 showed unexpectedly low concentrations ahdannot beruled outthat the presence

of RNaseled to degradatiorof RNA samples 1 and 2 were used ftDNA synthesifRACE

ready cDNA wassed from chaptetll.2.1

marker I bp]
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4 4 4
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Figure6 Extracted RNA samplésom Anthoceros agrestisCells were extracteftom afour day old
suspension cell culture (CBMyarose gel electrophoresigith ethidium bromide stainingDistinct
ribosomal subunit bands indicate Ri®egrity. The significantly lower RNA concentration of samples

3 and 4 is clearly visible, the 5 S rRNA band is missing.
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Tablel Concentration and purity o”Anthoceros agrestiRNA extraction

RNAsample Concentration [ng/ul] 260/280 ratio
Samplel 887.8 1.65
Sample 2 957.1 1.68
Sample3 252.5 1.58
Sampled 161.5 1.67

1.2 Amplificationof cDNA encoding TAT fradnthoceros agrestis

Primers targeting an internal sequence of putative AaTAT were designed based on conserved
regions obtainedthrough fquence alignments oPlectranthus scutellarioide$AT (later
referred to syn.Coleus blumeiacc.no. AJ458998 A. punctatus(scaffold Ap6389personal
communication withSteven Kelly, Department of Plagtiences, University of Oxford) and
A.agrestis (Aa34867;Szovényi et al(2015) personal communication)The gradient PCR
amplification of Aa cDNA revealed an interfragmentof 508bp (Hg.7 a appendixL.1) which
enabled new primers to be deriveg.-® y R-RACR PQ[Rig. 7 b) was used to amplifyhe
missing upstream and downstreasDNA endsThi revealed aropen reading frameof
1395bp encoding 464a residueswhere due to a second ATG codon in the more direct
environment, a shorter variant of the CDS with 1®@2or 433aa would be conceivable
(appendixl.2). Thel395bp sequenceavas successfullargeted using fullength gradient PCR
(Fig. 7 cand was deposited in Genbardgppendix1.3, accession numbewiN922307 Busch
and Petersen 2021
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Figure 7 PCR Amplification oAaTAT a Partial gradient PCR 0 €} y R-RACE PC&FultHength
gradient PCR targeting 1395 bp CDS using two Aa cDNAs; agarose gels stained with ethidium bromide.

The secondstart codon igretrievablein the databases ofAnthoceros agresti®xford strain
and inAnthoceros punctatysut not in thesequence of théAnthoceros agrestiBonn strain
(Szovényi et al. 2015ttps://www.hornworts.uzh.ch/en.htm). It could also be found in the
draft genome ofAnthoceros angustug&hang et al. 2020Yhe matchwith the Oxfordstrain
was highest at 100% (464/464 aapmpared to he Bonn strairwith 99.8% (463/464 aa) and
A. punctatuswith 98.9% (459/464a).One peculiarity, howeveryasthat the ORFof both
Anthocerosagrestissequencegeatured additional 83N-terminal amino acids in comparison
to AaTATOnly a fragment was retrievable Anthoceps punctatusbut limited to genomic
data.Part of this sequence was accurately recovered in the 5' RACE product of the BafTAT
there was even with consideration of several individual sequencihgsdly any agreement
in the region of the additional start codomo obtain further information lout this, the draft

genome ofAnthoceros angustuZhang et al. 202@yassearched. Here, too, the section could
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be found Againnot in the mRNA informatiobut in the general scaffolshformation. In order

to be able to make a qualitative statement about the actual CDS, the surrounding areas of the
potential start codonswere examined for Kozak motifsSequence informationfrom
Anthoceros agrestiBonn Szoveényi eal. 2015 AagrOXF_evm.model.utg0000171.620NA
scaffold; https://www.hornworts.uzh.ch/en.htmil was examined after reconciling with
sequencing data from RAGER in the region of the potential thrdtermini MPLLH @rgest
possibleCDS; ATAT|ATG|CC), MATVL (amplified CDS; TGAA|ATG|GC) and MSKAYV (short CDS
GATT|ATGI|TC). The criteria are given in Tabl&he general consensus for green plants
(Hernandez et al. 2039s only fulfilled by MATVL, which, except Tat position-4 and A at
position 3 respectivelyalso fulfils the criteria for neangiosperm plantaind early diverged
(Joshi et al. 1997)n addition,the occurrence of the universally absent U/C3rand U/G at

2 as well as thenissingG conserved in all green plants in +4 position also speaks against the

competinginitiation points (Hernandez et al. 2019)

Table 2 Criteria for evaluating the translational originConsensus is given for green plants, non
angiosperms, comprising bryophytes, pteridophytes and gymnospermsearig diverged plants
mostly green algae.

Group literature Sequence / Position
-4 -3 -2 -1 1 2 3 4 5
Green Plantg Hernandez el AIG | AIC A U G G
al. 2019
Norn- Joshi et alj a |AIG| a | alc| A U G G C
angiospermg 1997
Lower plants AIC| A | AC| a A U G G C

Blastpanalysisof the translated aa sequence showederallpercent identities rangpg from

45% to a high of 63%400 sequences outpytyvith the highestidentitiesin comparison to the
mossesPhyscomitrium patensCeratodon purpureysSphagnum fallaxand the liverwort
Marchantia polymorph, although among these onthe sequence othe model organism
Physcomitrium patenis annotated as TAT. Thequences from thg/cophytemodelorganism

Selaginella moellendorffithe green alg&Klebsormidium nitenas well as theuseful plants
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Salvia miltiorrhizaCamellia sinensi¥itis viniferaand Gossypium arboreuthen consistently

show annotatiorasTAT(Table 3).

Table 3 Blastp results(16/03/2022). Comparison of AaTAT aa sequence with several species of
interest.

Organism Description Accession | Identity | E value
Phy;;fer:‘lg”“m probable aminotransferase TAT| XP_02436130] 62.20% | 0.0
Ceratodon hypothetical protein
purpureus M758_8G057100 KAGDE07815) 62.536 ) 0.0
Sphagnum hypothetical protein 0
fallax BDL97_04G130600 KAHBI65713) 59506 0.0
Marchantia hypothetical protein
0,
polymorpha. AXGO93_ 197651350 OAE18929 | 52.70%| 7E158
subsp. ruderalis
Selaginelia |\ - ble aminotransferase TAT| XP_02453666{ 51.07%| 3E151
moellendorffii
Klebr?ii)érr?;dmn tyrosine aminotransferase GAQ85880 | 46.32%| 3E130
Salvia . .
- . tyrosine aminotransferase ABCG60050 | 45.97%| 2E126
miltiorrhiza
cs:fr‘]rgﬁ!:s tyrosine aminotransferastke | XP_02805838¢ 45.60%| 2E125
Vitis vinifera | putative aminotransferase TATZ RVW14048 | 44.95%| 1E124
Gossypium predicted tyrosine XP_01763205¢ 45.33%| 3E126
arboreum aminotransferasdike

The Gonserval Domain Search(CDDYevealed the expecteénzyme properties, such aise
putative homodimer interface, PLP binding site and catalyti@fysesidue. Additionally,
highly conserved amino acid residuessentialfor aminotransferaseactivity were found As
Arg435 which fixesthe substrate® deprotonated -carboxy groumf amino acid or xoacid
and Asp263, which stabilises protonation of nitrogen thgbua hydrogen bond to P@PN1
(Kirsch et al(1984) Mehta et al.(1989) cf. Busch and Petersen 202 Theconserved regions
and invariant amino acidsr@visualisedn FHgure 8 (Busch and Petersen 2023) sequence
alignment of various plant tyrosine aminotransferasesvith research focusing onRA
biosynthesian comparison to AaTRA Thediscussedmotifs and conserved amino acids are
retrievable in all representatives Additionally, Pairwise Sequence Alignment (EMBOSS

Needle protein) dates a 36.7%identity and 53.3%similaity (Busch and Petersen 20Raf
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AaTATwith Coleus blumeTAT(CAD30341as well asa 37.2% identity and 54.8% similarity
with Prunella vulgarisTAT(AJW87632)both enzymes already enzymatically characterised
with proven TAT activitgBiastoff 2003; Ru et al. 2017)

Thepresence othe statedconserved amino ads does not allova definitivestatement about

the subgroupof an aminotransferase. The promiscuous character of these enzymes has
already beenintroduced and the mentioned mandatory amino acids are invariant in
aminotransferases of subgroupsiM (Mehta et al. 1993) Cytosolic pig aspartate
aminotransferase for instance, which can be seen as the blueprint for this enzyme family,
shows the characteristic Lys296 (258), Arg435 (368) and Asp263 (2@#ho acids
(Ovchinnikov et al. 1973; Mehta et al. 1988he numbers in brackeare according to the aa
sequence Ovchinnikov et al. suggested. Furthermore, CCD of this pig aspartate
aminotransferase AAA53531 Nagashima et al. 99 also reveals the same pattern of the

known conserved regions for homodimer interface and PLP bindings site.
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AaTAT MATVLNQKRQAE I LHGNGVEGGGGGLAVSKIMSKAVVGKPPVARKPAGKTVDKEWNVRPR 60
AtTAT1 2
SbTAT1 4
PVTAT 7
SmTAT 7
PE£TAT 7
CbTAT 7
AtTAT2 14
SbTAT2 18
PSTAT 13
AaTAT IAA-LESRNPIRDIVETKL----KPNPNLGKKPISLAQGDPTVYGHLKVPESACAALAEV 115
AtTAT1 NGATTTSTITIKGILSLLMESITTEEDEGGKRVISLGMGDPTLYSCFRTTQVSLQAVSDS 62
SbTAT1 QELEAPRNITIKGILGLLMANISS-GKDDSKQVISLGMGDPTAYSCFYTSSAAQDAVSSA 63
PVTAT QELDAPTTITIKGILGLLVSST-D-AKETGKRVISLGIGDPTAYSCFHVSNAAQEAVVEA 65
SmTAT QEIDAPTTITIKGILGLLMSST-D-PKESGKRVISLGIGDPTAYSCFHASNAAQEGVVEA 65
PE£TAT HEMDAPTTITIKGILGLLMANT-D-AKENGKRVISLGIGDPTAYSCFHASNAAQEGVVES 65
CbTAT QEMEAPTTITIKGILGLLMANT-D-AKENGKRVISLGIGDPTAYSCFHASNAAQEGVVEC 65
AtTAT2 EVVERSNSLTIRDYLNTLINCLD---GGDVRPVIPLGHGDPSPFPSFRTDQAAVEAICDA 71
SbTAT2 DDLTQASSLTVRGVLNMLMGNLN---SDDTRPVIPLGHGDPSAFPSFGTTPFAVDAVCAA 75
PSTAT DKLKVGTENTIRGLLEVMNSNLN---VNDERPIIPLGHGDPSPFTCFRTTHIVDDALNTA 70
. R L .
pyridoxal 5'-phosphate binding site
AaTAT ATSYKYNGYAHSAGILECRSAVADFHSEHLPFELTPEDVGIVVGCYQAIEFSIACLAAEG 175
AtTAT1 LLSNKFHGYSPTVGLPQARRAIAEYLSRDLPYKLSQDDVFITSGCYQAIDVALSMLARPR 122
SbTAT1 LTSANFNGYSPTVGLPQTRKAVAEYLSLDLPYDLOSDDVYVTAGCHOAIEIALSILARPG 123
PVTAT LRSQKFNGYAPTAGLPQAREATAEYLSRDLPYKLPADSVYVTAGCHOATIEIALSVLARPG 125
SmTAT LRSTKFNGYAPTAGLPQTREAIAEYLSRDLPYKLPADSVYVTAGCHQATIEIALSVLARPG 125
PE£TAT LRSAKFNGYAPTAGLPQTREAVAEYLSRDLPYKLSAESVYVTAGCHOATIEIALSVLARPG 125
CbTAT LRSAKFNGYAPTAGLPQTRQAIAEYLSRDLPYKLPAESVYVTAGCHOATIEIALSVLARPG 125
AtTAT2 VRSTKFNNYSSSSGVPVARKAVAEYLSSDLSYQISPNDVHITAGCVYQAIEILISALAIPG 131
SbTAT2 LRSALFNGYSSTVGIPSARRAIAEYLSKDLPYELSPDDVFLTIGCYQALEAIISILARPG 135
PSTAT IQSAKFNSYPPPAGIPTARRSIAEHLSRDLPYKLSTEDVFLTSGCHQATEIITTVLACPG 130
*ooniL* *: *orokr ok koo DLk onL Kk kko H
AaTAT SNMLVPRPEFPIYDTFCRYYGVEVRYYDLL DLEQVAELADDDTAAMILCNPSN 235
AtTAT1 ANILLPRPGFPIYELCAKFRHLEVRYVDLL: IDLDAVEALADENTVALVVINPG 182
SbTAT1 ANILLPRPGFPIYGLCAAFRHVEARYFDLVPEKQWEVDLRAVEDLADHNTVAMVVINPGN 183
PvTAT CNILLPRP(JEPIYGLCASFRNIEVRYFDLHPEKGWEVDLDAVQDLADHNTVAMVIINPGN 185
SmTAT ANILLPRPJFPIYGLCASFRNIEVRYFDLHPEQGWEVDLDAVADLADHNTVAMVIINPG 185
P£TAT ANILLPRP(JFPIYGLCASFRNIEVRYFDLH:. DLDAVADLADHNTVAMVIINPGN 185
CbTAT ANILLPRP(JEFPIYGLCASFRNIEVRYFDLHPEKGWEVDLQAVEDLADHNTVAMVIINPGN 185
AtTAT2 ANILLPRPTYPMYDSRAAFCOLEVRYFDLLPENGWDVDLDGVEALADDKTVAILVINPQ 191
SbTAT2 ANILLPRPGFPYYEARAGFSHLEFRHFDLLPENDWEVDLASVETLCDENTVAMVIINPGN 195
PsTAT GNILIPKPQYPHYDACAVEHNLEVRHFDLLPEKAWEVDLDAVEALADENTVAIVIINPGN 190
Kokikik ik * LT ik ok kk kk kiikk K Kk Kk Kk ki:: Kk *x
Asp263

AaTAT PCGTSFSYQHLSQIAGLCEKLKIHI I IYEHMLFGEKKFTPMATFSLQVPVLTVAGHS 295
AtTAT1 PCGNVYSYQHLMKIAESAKKLGHLVI HLAFGSKPFVPMGVFGSIVPVLTLGASL 242
SbTAT1 PCGNVYTYQHLKEIAETAKRLGHINVI HLAFGDTPFVPMGVFGSVAPVLTLGS]L 243
PVTAT PCGNVYSHQHLRKVAEMAKRLGI[VVL QLAFGANPFVPMGIFGSIAPVVTLG 245
SmTAT PCGNVYSYQHLKKIAETAKRLGIVVL HLAFGANPFVPMGIFGSIAPVVTLGSL 245
PETAT PCGNVYSYQHLKKVAETAKRLG I HLAFGANPFVPMGVFGSIAPVVTLGS]L 245
CbTAT PCGNVYSYQHLKKVAETAKRLGI[VV L HLAFGANPFVPMGNFGSIAPVVTLG 245
AtTAT2 PCGNVFSRQHLOKIAETACKLGILVI 'VYDHFAFGDKPFVSMAEFAELVPVIVLG 251
SbTAT2 PCGNVFKYDHLKKVAEAAKKLGIMVI DHLAFGSCPFVPMGVFGSIVPVVTLG 255
PSTAT PCGNVYTYEHLKKVAETAKRLGIPVIABEVYAHLIFGSNPFVPMGVFGSTVPIFTLGS 250

Fhh oo, skk gk ok o ckokRkcR oo Ak *, ok, *, KL Lk,

Lys296 homodimer interface

AaTAT WLAPEWRILGWILICDPCCILEKSGVVEALKRIMOMTIGTSVI[VIQAAVPAMLONTTPEF 355
AtTAT1 WIVP) GWFVTTDPSGSFKDPKIIERFKKYFDILGGPATHIOAAVPTILEQTDESF 302
SbTAT1 WLV GWLVTNDPDGTLKTPKFVERLKKYCDICGGPATEIO; PAIIQGTQDVF 303
PVTAT WLI GWLVINDPDGSLMSPKFVERIKKYCDINGGPATHT PEIIEQTQEVF 305
SmTAT WLV, ,GWLVINDPDGSLMSPKFVERIKKYCDICGGPATEIQOAAVPEIVEQTQEVF 305
PE£TAT WLV, ,GWLVINDPDGCLMSPKFVERIKKYCDICGGPATEHT] PEIIEQTQEVF 305
CbTAT WLV GWLVINDPDGTLMSPKFVERIKKYCDICGGPATHT PEIVEQTQEVF 305
AtTAT2 WEV ,GWMVTLDPHGIMKDSGFVQTLINVVNMSTDPATETOC PDIIGNTKEEF 311
SbTAT2 WIV LVTNDPHGILTKQGIVESIKGFLNITSDPAT GAIPEILENTPSHF 315
PSTAT WIVPELRLGWLVITDPSGFLKDTEIVSLIKQCLNMSTSPACYIQGALPQILENTKEDF 310

dkk . kk kokk: oo *k : ete o s PR U R * *
AaTAT YKQTMKTLEDGCDCCYRRIQGIVGLDVPTKPDGAMYMMAKVDPSAFKDIPDDTVFAEKLY 415
AtTAT1 FKKTLNSLKNSSDICCDWIKEIPCIDSSHRPEGSMAMMVKLNLSLLEDVSDDIDFCFKLA 362
SbTAT1 FRKAISILKQTSDICCQRIKEIRCITCPCKPQGSMAFMVKLNVSMLKDISDDIDFCFKLA 363
PVTAT FRKTINILKQTSDICYQKVEDINGISCPTKPKGAMAFMVKLNISQMKDISDDIDFCFKLA 365
SmTAT FRKTINILKQTSDICYQKIEDINGITCPTKPKGAMAFMVKLNLSRMKDISDDIDFCFKLA 365
PE£TAT FRKTINILKQTSDICYQKIEDISGITCPTKPKGAMAFMVKLNISRMKDISDDIDFCFKLA 365
CbTAT FRKTINILRQTSDICCQKIEEIDGITCPTKPKGAMAFMVKLNISRMKDISDDIDFCFKLA 365
AtTAT2 FSSKLEMVKKCAEICYEELMKIPCITCPCKPEGSMFTMVKLNFSLLEDISDDLDFCSKLA 371
SbTAT2 FEKIIGTLKETAEICYERTKEIPYITCPSKPEGSMFVMVKLNLPLLDDIEDDLDFCSKLA 375
PsTAT FENIISLLCQAIDICYEEIKEIACITLLPRI LMVKLNTVLLEDISDDMDFCFKLA 370
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AaTAT KEENIVVLPGSAFGIHNWLRLVFATPVYMLEEAFDRIEAFCLRHASVON-—- 464
AtTAT1 REESVILLPGTAVGLKNWLRITFAADATSIEEAFKRIKCFYLRHAKTQYPT 414
SbTAT1 KEESVIILPGIAVGLKNWLRITYAVEPTCLDEALKRLKSFCQRHSV- -- 409
PVTAT KEESVIILPGIAVGLKNWIRITFAVEPSALEEAMERLKSFCERHSY- -- 411
SmTAT KEESVIILPGLAVGLKNWIRITFAVDVPALEEAMERLKSFCERHSY- 411
PE£TAT KEESVIILPGLAVGLONWLRITFAVEPSALEEAMERLKSFCQRHSY- 411
CbTAT KEESVIILPGIAVGLNNWLRITFAVEPSALEEAMERLKSFCIRHSY- 411
AtTAT2 KEESMIILPGQAVGLKNWLRITFAVELELLIEGFSRLKNFTERHSKNQP--~ 420
SbTAT2 KEESVILLPGLAVGLKNWIRVTFAIEPSSLEDGFRRIKDFCORHAKKQ---~ 423
PSTAT KEESVIVLPGAVLGLENWLRITFSIDLASLKDGLQRMKMFCRRHAKQQ--—- 418
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Figure8 Alignment of somecharacterised plant TATs and AaTAT (QKX9504@bidopsis thaliana
(NP_200208 for AaTAT1 aNé_198465 for AaTA)l Scutellaria baicalens{glVv98132 for SbTAT1 and
AIV98133 for SbTAJ)2Prunella vulgaris(AJW87632 Salvia milthiorrhiza(ABC6005)) Perilla
frutescens(ADO1755) Coleus blume{CAD3034), Papaver somniferunfADC3312B Motifs are
colour coded, important amino acids are annota{@utlisch and Petersen 2021)
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The direct comparison of AaTAT with characterised TA&seakd that the latter are
considerably shorter: 408a residuegor SbTATL1, 411 aa for PVvTAT, SmTAT, PfTAT, CbTAT,
414 aa for AtTAT1, 418 aa for PSTAT, and 420 and 423 aa for AtTAT2 and SbTAT2elsespect
The excess length of AaTAfT53aa residues compared to representatives of Nepetoideae
(Busch and Petersen 202i%) reflectedat the N-terminus (Hg. 8). Since two other families,
Arabidopsis thaliana(Brassicaceae) anéapaver somniferun(Papaveraceae), are also
representedbeside the very similar Nepetoideae sequenagesannot be assumed that this is

a subjective characteristicug to the selective choice (characterised TATs, no putative
enzymes) in the alignmentnvestigation ofplant TATs of thdabaceaeGlycine maxand
Medicago truncatulgnot shown) whichwere consideredby someauthorsin their respective
alignments KHuang et al. 2008b; Lu et al. 20}3showed thatthere wasalso noN-terminal
excess.When including northaracterised TATs of more basal spedigg. 9), i.e. the
bryophytes Physcomitrium patens (Funariaceae) and Marchantia polymorpha
(Marchantiaceae)the charophyte green algklebsormidium nitenglebsormidiaceae), th
lycophyteSelaginella moellendorffiSelganiellaceageijt becomes apparent that thesedeed
show a comparable excess comparison taColeus blumelrAT as example of higher plants
This is most obvious with thenoss Physcomitrium patensThe Germinus is largely

comparable and shows only minor variances.

COTAT = o e e e o 0
KNTAT =~ ——m—mmmm e e MPPAAPMAADSHNGCPPRLDLLDES 25
SMATAT =~ === ——m—mmmm e MPCL--LALRCEIATHSP--- 16
MPTAT  ——————m—mmmm e MGKTNTAAAAAPAA--APSKLQPA--AA—-- 24
AaTAT MATVLN--QKRQAEILHGNGVEGGGGGLAVSKI —-————-—~ -MSKAVVGKPPVARK --- 45
PpTAT MVTFITHNSIQEKDVRFENGFTRKGSSVVVASTPEVKASQPQVVNGDLKVLPATGVL —-— 57
CbTAT ~  ————mmmmmmmm oo MELQNSAQEMEAPTTITIKGILGLLMANTDAKENGKRVISLGIGD 45
KnTAT LKVLHEFDVGAFEGPWKIDASAAALR --AINPIRVITDAI - -K-VQPHAGKELLSVAIGD 80
SmdTAT ~  ------ HESAVDPKRWAIGANPAALR--SLNPIRRAMESM--PTV-QGRGKKPISLTLGD 65
MpTAT = ---—--- DLSSKFPKEWSVRVNSRAVG--STNPIRTITDAI --K- IDKSSGKSFISLALGD 73
AaTAT = -—-—--- PAGKTVDKEWNVRPRIAALE --SRNPIRDIVETK--LKPNPNLGKKPISLAQGD 95
PPTAT = —--———- SQEAKSDAEWNIRASPAAIA--STNPIRELLESL--CVV-SSRKKEKISLAQGD 106
. . . * . * k. * %
CbTAT RLKSFCIRHSY------—-—- 411
KnTAT RVEAFCDRHAVSGETLPCKE - 457
SmdTAT RLEAFCTRHTK------—--- 433
MpTAT RIEAFCNRHQKPAHANGTLY - 449
AaTAT RIEAFCLRHASVQN------- 464
PpTAT RIDMFCLRHATAIPYTGTELY 482

k. Kk kx

Figure9 Alignment of TATs from basal plant species a@dleus blumeiThe detail is olN- and G
terminal regions, the migection has been excluded. The second methionine is indicated iGodelis
blumei (CAD30341)Klebsormidium niten$GAQ85880)Selaginella moellendorf{iXP_024536669),
Marchantia polymorpha(OAE18929)Anthoceros agrestigMN922307, this work),Physcomitrium
patens(XP_024361307).
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The closer relationship of AaTAd the TATs of the basal species, already indicated by the
blastp analysigTable 3) and the excess length in the region of tNeerminus(Fg. 8), is also
demonstratedin the phylogenetic tregHg. 10). The tree comprises TAT sequencesaitl
basal plants (diamonds), whidbrm the sister branch to the TATeom the higher plant
families.The latter to be distinguished as Lamiaceae (circles), all of which contain RAwend
provenTAT activity and other dicotyledonous plants (triangles) with proven TAT ad@ivite
no biochemical or other information on the aminotransferasé the basal species is known,
except forAnthoceros agrestis this currentwork, it cannot be ruled out thahose enzymes
are in factbiochemicallydifferent subgroupl aminotransferasg For this reasonmore
distantly related characterisecaminotransferase (open square)were included in the
phylogenetic tree.lt shows that only the phenylalanine aminotransferases fréinopa
belladonnaand Rosa speacannot be clearly distinguished from\Tsof related higher plants.
However, theclear separation obther distantly related aminotransferasgsuchas subgroup

| representativegMehta et al. 1993) i.e.aspartate, adnineand histidinolaminotransferases
as well as nortlassified representatives, i.e. tryptophand prephenate aminotransferases,

suggest that the assignment as BAT at least as aromatic aminotransferass correct
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75+ @ Salvia miltiorrhiza TAT *k
53 @ Prunelia vulgaris TAT *k
100 @ Perilla frutescens TAT *k
@ Coleus blumei TAT *k
@ Scutellaria baicalensis TAT1 L4 4
O Atropa belladonna PheAT
A Arabidopsis thaliana TAT1 Q*
O Rosa spec. PheAT
A Papaver somniferum TAT we
95| 45 A Arabidopsis thaliana TAT2 v
64 @ Scutellaria baicalensis TAT2 *k
— & Selaginella moellendorffii TAT ww
@ Klebsormidium nitens TAT W
@ Marchantia polymorpha TAT wr
& Physcomitrium patens TAT ww

65

99

91

@ Anthoceros agrestis TAT *&

[ Arabidopsis thaliana AlaAT

|
28
46

O Nicotiana tabacum HistidinolAT

O Arabidopsis thaliana IPAAT
[ Arabidopsis thaliana PrephenAT

O Arabidopsis thaliana TrpAT

|| 100
A

O Oryza sativa AlaAT

[ Arabidopsis thaliana Ala/GIuAT

- O Glycine max AspAT

O Arabidopsis thaliana AspAT2

100
19‘|;|j O Arabidopsis thaliana AspAT1
41 [ Arabidopsis thaliana AspAT3

Figurel0 Phylogenetictree (maximum likelihood analysis) of TAT amino acid sequences of several
members of the Lamiaceae (circles) and representatives of other higher plant families (triangles) and
lower plants (diamonds)Analyses were conducted in Mega 7. The tree with tighdst log likelihood

oObmMoZnTy ®cho U

A a

K26y ® 9@2fdziA2yl NBE RAAGH YOS A:

shown next to the node. Underlying TAT amino acid sequerfsakvia miltiorrhizalABC60050),
Prunella vulgarigAJW87632)Perillafrutescend ADO17550)Coleus blumegCAD30341)Scutellaria
baicalensigAIV98132 for SbTAT1 and AIV98133 for SbTAT&)jdopsis thaliangNP_200208 for
AtTAT1 and NP_198465 for AtTATR3paver somniferunfADC33123)Selaginella moellendorffii
(XP_02453669), Klebsormidium nitens (GAQ85880), Marchantia polymorpha (OAE18929),
Physcomitrium patenéXP_024361307Anthoceros agrestidMN922307, this paper). The two stars
following the name indicate the presence of RA in the plant (first star) and an expeailggenzyme
assay or expression profiling) proven TAT activity (second star), if filled in. Underlying amino acid
sequences of distantly related aminotransferases (open squarsdbidopsis thalianaTrpAT
(AAO63403)A. thalianalPAAT (AAP68293}. thaliana PrephenAT (Q9SIEX)ryza sativaAlaAT
(BAA77261)A. thalianaAlaAT (Q9SR864. thaliana Ala/GIUAT (AAN62333%lycine maxAspAT
(AAC50015). thaliana(mitochondrial) AspAT1 (P46643),thaliana(cytoplasmic) AspAT2 (P46645),
A. thaliana (plasidic) AspATS5 (P46248Nicotiana tabacumHistidinolAT (CAA70403}tropa
belladonnaPheAT (AHN10104Rosa¥, @S a t A I(Hir&al & al.t2&Lp Original figure from

Busch and Petsen(2021)
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Figurell Expression of AaTAT iB. coliSoluBL21(Busch and Petersen 20213DSPAGE (left) and
Western blot (right) of AaTAT with crude extraaboled washing fractions and PID fraction.The
two individual clones show distinct bands at the corresponding estimated molecular weight

(53.09kDa) The empty vector control does not show any matching protein bands.

1.3 Expression of TAT froAmthoceros agrestis
To prepare for enzyme expression, the CDS was amplified with a secdeddtiii primer set

with overlapping regions to pEISb (Novagen) and introduced through homologous

recombinationin E. coliEZ (Qiagen)fter verifying the correct sequence amusertion, pET
15b harbouring fullength AaTATwas introduced intcE. coliSoluBL21 (Amsbio) as described

by Busch and Petersef2021) The protein mass, including tidterminal Histag sequence

(His), was predictedo be 53.09kDa.
TheE. coliSoluBL21 cells containing pE3b with AaTATwere incubatedfor at least 16 at
25°Cin TB mediunafter induction with ImM IPTGA negative control with cells containing

pETF15bwithout AaTATwas performed in parallelThe isolated crude extracts weferther
subjected to metal chelate chromatography and gel filtration amde analysed b$DSPAGE

and Western blding, which demonstrated successful protein formati@ig. 11).

An initial assay for enzyme activity was succesSiuide extracts and pified enzyme of both

TAT and empty vector control were ansdg. As expected, the crude extract of the empty

vector also showed TAT activity, but not the-ffag purified sampl€Hg. 12). Since a reaction
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was detectable, but the product did nappear to fit the pHPP standar@iAT enzyme assays
were analged by LEMS Two peaks werefound to correspond to pHPHAQ. 13). This is
possible, since pHPP is subjecké&to-enol tautomeism (Painter and Zilva 1947; Blcher and
Kirberger 1952)
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Figure12 Activity of AaTAT and empty vector control (dashed) witTyr after 30 min. Assays with
crude extract (a) and purified enzyme (b) were analylsgdHPLC at 288m, 45% methanol, 0.01%
H:PQ. The respective empty vector control is indicated by a dashedTlme chromatogram revealed
3 peakswith peak2 corresponding tahe main compound of theHPP referencénset)
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Figure13 The raction of AaTAT with-tyrosine characteristicallyforms two peaks. Assays were
analysed by L#Safter incubation for 0, 1, 5 and 15 (red, blue, green, black) mintithe extracted
ion chromatogram of pHPP is showhgeTketoenol tautomerisncausal for this effect is shown on the
right.

In addition, pHPP spontaneously decomposed-ttydroxybenzaldehyde (HBA@nhanced in
alkaline medium(Doy 1960; Pitt 1962and literature cited therein)To clarify the assumption
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that the main compound in the pHPP standard used as well as the unknown product peak is
HBA further experiments were performed Fig. 14 demonstratesthe change in the
chromatogram of enzyme assays that were eitlestracted directly and were measured
instantly after dissolvingr were subjected toalkalinetreatment. HBA wasdentifiableby LG
MSwhichclearly displays the relevant massaddition to the pHPP peaks and a new unknown

peak(Hg.15).

The complexity of the analytes resulting from pHPP led to the development of a photometric

measurement method based ddiamondstong1966)

0 2 4 6 8
time [min]

Figure 14 TAT enzyme assays without KOH and with KOH treatment aftemifi Assays were
analysedby HPLC at 288m, 45% methanol, 0.01%:PQ. Black indicates the assay measured
immediately after redissolving with dominating enol peak. Red after KOH treatment with emerging
probable HBAignal and aew unknown peaklasterisk)
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Figurel5 Reaction of A@ATafter 10 min incubation andKOH treatment.Assays were analysed by
LCMS. Two pHPP peaksesulting from keteenol tautomeism (black, m/z 179.034: 0.01), the
degradation product of pHPP, identified as HBAl, m/z 121.028: 0.01) andan unknown peak with
a mass corresponding to-lydroxyphenylacetateor 3,4-dihydroxyphenylacealdehyde (grey, m/z
151.039+0.01).

1.4 Implementation of the photometric method

The absagption maximum of HBA, the degradation product of pHPP, was determined to be
330nm for the present experimental setupig. 16). The measurement of phenylpyruvate,
the reaction product ofi-phenylalanine, was performed at 320 nm accordingRio et al.
(2017)after confirmation The deviation of hm of the formercan be explained by individual
deviations in the experimental setup. The absorption maximum dependseopH valuethe

effect is exemplaily demonstratedin FHg. 52 (appendiy. Background measurements were
carried out for all kinetic investigations and, if necessary, the test solution was adjusted or
buffered.

o
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330 nm
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absorbance UV 350.400 nm [Al
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250 300 350 400
wavelength [nm]

Figurel6 Absomption maximum of 4HBA at 33(hm. The absgption maximum determined by a
recording of a spectrum of-WBA (n=3) matching the experimental setup.
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Figurel7 Rate of conversion ofIBA (black) and pHPP (reshown for increasing concentrations.

The rate of conversion of the formation of HBA from pHPP was determined to be at least 92%
(Fg.17). This is in contrast to the 80% thHatamondstong1966)was able to determine for

the conversion with NaOH. A preliminary experiment with NaOH was able to confirm this
percentage. Moe important for the experimental setup, however, is the linear relationship
between the concentration of pHPP used and ttesulting absoption. This could be
confirmed and indicates a uniform conversion. The absolute conversion ratio is therefore
negligble, since pHPP was used for the standandenzyme kinetic studieimstead of HBA,
which would require a correction factdn addition, he 30 min incubation for HBA formation
given byDiamondstonavas tested and extended for the experimental setup preasd here.
Postincubation at 45 °C fat5, 30 and 4%nin produced consistent results each caseno

enol peak was detectablewhereas incubation at room temperature with open lid or
optionally vigorous shakingeemed to produce no reliable results 2@ min (appendixFig.

53).

1.5 pH optimum and temperature optimum

Assays performed with purified AaTAT protein &rdton-RobinsonBR)buffer suggested a
pHoptimum in the rangef 8-8.5(Fig. 18 a)Although BR up to pH 10asused, the actual pH
values dil not reflect the range above 8.5. Therefore, CHES as well as CAPS buffers were
additionally used. The pH optimum could be determined toabgH 7.9-8.4 (Busch and
Petersen 2021)t should be noted that the standard deviation shown in FigL8éor pH 7.4

would also allow inclusion in the optimum. Howevethen considering the individual series

of measurements, the maximum is twice attributablet®and once t®.4. Including further
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measurements, the 7.4 value could thus be excluded as a maximum with high probBbility.
the study of temperature dependerg¢the buffer was adjusted to pH 8.5 accordinglginga

1 M Tris/HQ buffer, no significant deviation of the actual pH value could be detectee.
temperature optimum(Fig. 18 b)was 60°C (Busch and Petersen 202Nevertheless, all
subsequent experiments, including substra@uration kinetics, were performed at 40 °C to
avoid enzyme damage during prolonged jmeubation and to avoidhegative effects on

substrates.
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Figurel8pH optimum (a) and temperature optimum (b)-hepH optimum was determined using the
three indicated buffer systemd&he emperature optimum was determined at p8i5. Means of 3
determinationst SD.

1.6 Dependence on thexternalpyridoxal phosphateéPL} concentration

In preparation for substratsaturation kinetics, the effect of PLP addition on AaTAT was
determined A basal activity, equal to the activity without addition, could be measured in the
range up t00.0024mM PLPIt increases noticeablgtarting from 0.024nM PLPforming a
plateau at concentrations between 0.24M and 0.96mM PLRafter which it decreasegain

(Fig. 19) As a consequence of the results, the PLP concentration to bewessset to 0.48

mM (Busch and Petersen 20R1
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Figure19 Impact of increasing PLP concentrations on AaTAT actiitplateau phase from 0.24 to

0.96 mM and basal activity at concentrations from 0 mM to 0.0024 mM as well as a probable decrease
in the positive effect at concentratiorescceeding the platealMeans of 3 determinations SD Results
according toBusch and Petersgi2021) modified.

1.7 Substratesauration kinetics

Kinetic déaa were evaluaed by plotting the specific activities determinedt increasing
substrate concentratios according to MichaelisMenten with additional linearisation
according to Hane®Voolf (Fig. 20 and 21)The resultgTable 4werefirst published irBusch
and Peterser{2021) To obtaincomparable results, linearity was ensured for the lowest and
highest substrate concentratiorifo determine the aminalonors (L-Tyr, .-Phe) the most
efficientacceptor, i.e. Dxoglutarate was added at saturatio®Q mM). L-Tyr was tested with
concentratons of up to GnM and was accepted with the highest affinity,(K53+ 0.05mM),
with Vimaxat 921.5+ 142.5mkat/kg, resulting in the highest kinetic efficiency with 9+9.8
mM-1si. Since the saturating addition oPhe was not possible, a direct linear plot according
to CornishBowden and EisenthdlLl978)was used to estimate kinetic datdhe affinity of
AaTAT was 13fdld lower Kn 70.47 + 4.18mM) towardsL-Phe, but with a higheWmax at
2240.3+505.7mkat/kg. To be sure that this was not a lack of comparability between the two
plots,a replicate of-Tyrkinetics adapted to the number of measuring points-8fhewas re
evaluated viaCornishBowden and Eisenthalhe resultingkm (0.65+ 0.13mM) and Vmax
(998.9 £ 254.0mkat/kg) are apparently closeto the already showrnparameters It can
therefore be assumed that CorniBowden is aradequate substitutdor the determination

of L-Phe parametersDue tosubstrate concentrations of up to 132 mbf .-Phe and the
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resulting highkm value, thekinetic efficiency is only  + 0.4 mM-1s?, despite thehigh Vinax

thusL-Tyrexceeds the catalytic efficiency witHPhealmost 54fold.

Table4 Kinetic parameters for AaTAMeans of 9 determinations = SD, excejithe (n = 3x3), using
three independent enzyme expressions accordin@tsch and Petersef2021) The k- and Vhax
values forL-tyrosine and all amino acceptors are calculated from Michdéésten equations,
parameters for-phenylalanine were determined by CorniBlowden linear plotsk.a: was calculated
assiming a molecular mass of 53.BPa for AaTAT including the ¥iag.

Constant
Variedsubstrate Kmn [MM] Vmax[mkat/kg] Keat [S1] KeadKm [MM1s7]
substrate
L-tyrosine 2-oxoglutarate | 0.53+0.05 | 921.5+1425| 489+7.6 91.7+9.38
L-phenylalanine | 2-oxoglutarate | 70.47 £4.18 | 2240.3 £505.7 | 118.9 + 26.9 1.7+x04
2-oxoglutarate L-tyrosine 15.13+1.34| 1376.1+£97.6| 73.1+5.2 49+0.3
oxaloacetate L-tyrosine 405+1.44 126 +0.8 0.7+ 0.04 0.2 +£0.09
phenylpyruvate L-tyrosine 7.92+235 | 530.1+117.1] 28.2%+6.2 39x14
pyruvate L-tyrosine 81.14 £15.12| 223.8+30.0 119+16 0.15+0.02

Furthermore, fouramino acceptors were studied2-oxoglutarate and oxaloacetatavith
concentrationsof up to 120mM, phenylpyruvate withup to 36mM, andpyruvate withup to
260mM. In each case-Tyr, the favoured amino donor, was added itm®/ concentration.
Although 2oxoglutaratewith Ky 15.13+ 1.34mM hada lower affinity thanoxaloacetatewith
Kmat 4.05+ 1.44mM, the maximumactivity exceede@bout100-fold. Overall, 20xoglutarate
had the highestkinetic efficiencyof the examined amino acceptor®xaloacetate was the
substrate with the lowes¥max(12.6+ 0.8 mkat/kg), trailing by a wide margimaising questions
about the reason for tis result (see discussignPhenylpyruvate, on the other hand, showed
ratios comparable to -bxoglutarate with Ky at 7.92+ 2.35mM and Vmax of 530.1+ 117.1
mkat/kg, resulting ina similarkinetic efficiency.Dueto the similar measured values fofax
for 2-oxoglutarate and phenylpyruvate a direct comparison wagealised A fixed
concentration 028 mM was compared for both substrates. & hesultsconfirmed the higher
conversion of2-oxoglutaratein line with the kinetic result§Fg. 22 a). Pyruvate had the
highest Kn-value (81.14+ 15.12mM) and mediocre turnove(Vmax 223.8 = 30.0 mkat/kg)
(Busch and Petersen 202Based on assumptions that pyruvate formed by decarboxylation

is responsible for théow oxaloacetate reaction, a direct comparison was also made here. In
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each case, 20M of the substrate were compared against each otAdremeasured pyruvate

turnoverwashigher, and both activities correspond to tketic resultgFig. 22).
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Figure 20 Plots of AaTAT activities for different substrate combinatigpairs. a L-Tyr with
2-oxoglutarateb L-Phe with 2oxoglutaratec 2-oxoglutarate withL-Tyr d oxaloacetate withL-Tyr.
Means of 9 determinabns+ SD, exceptPhe (n = 3x3), using three independent enzyme expressions.
Results according Busch and Petersg021)
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Figure2l Plots of AaTAT activities for different substrate combination paiagphenylpyruvate with
L-Tyr b pyruvate with L-Tyr. Means of 9 determinations + SD, using three independent enzyme
expressions. Results according®osch and Petersg2021)
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Figure22 AaTAT activitiesof 2-oxoglutarate versus phenylpyruvate (a) and oxaloacetatgersus
pyruvate (b).2-oxoglutarate and phenylpyruvate 28M and oxaloacetate and pyruvate &fM.
Means (line) andfloating bars min to max of 3 determinationasing three independent enzyme
expressns
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1.8 Acceptance ob-tyrosine

To evaluate AaTAT for potential acceptance-bfrosing assays were performed withréM
D-tyrosine and.-tyrosine respectively. No activity was detected f@tyrosine (Hg. 23). The
resultwas confirmed in a linearity test with #0ld higher concentrated enzym&n addition
the assayanalysed by TLGwith incubation timeof up to 45min, also indicated non

acceptance.

15001

1000+

5004

specific activity [mkat/kg]

o
1

= T
L-tyrosine &3 D-tyrosine

Figure23 AaTAT activities of-tyrosine andbd-tyrosine. Means of Qdeterminations + SD, using three
independent enzyme expressions.

1.9 Search for additional TAT substrates

To investigate the putative promiscuity of AaTAT with respect to additional amino acids,
corresponding enzyme assaysre incubated for up to 45 min artde product formation was
detected via TLC followed by visgation with ninhydrin solutionThe analyses showed that
L-tyrosine, L -phenylalanine L-DOPA|-tryptophane and L-alanineare accepted as substrates
(Fig. 24)whereas-aspartate L-serineand D-tyrosineare not acceptedFig. 25)The increase

in glutamate formed from dxoglutarate, indicated by colo depth (roughly correlating with
product formation) allows semiquantitative evidence thdtyptophaneandL-alanine are less
suitade substratesFurthermore, the acceptance of the amiacceptor prephenate could be
demonstrated. The suspected product arogenate, had to be investigated via extraction and

analysis by @IS due to the lack of a commercial standard.

To verify substrate aeptance, the simplicity of the TLC method, which is charaettby the
consistent formation of glutamate for all substrates use@kxcept prephenate) was

transferred to HPLCSamples were derivatised with OPA solution and analysed by HPLC. A
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glutamate pak is apparent fon-tyrosine, L-phenylalanine, -DOPA,L-tryptophane and
L-alanine, but missing faraspartateand L-serine. The results confirm the acceptance profile

determinedby TLQFig. 26)
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amino donor: L-Tyr. amino donor: L-Phe amino donor: L-DOPA .amino donor: L-Trp , .aming donor: L-Ala amino acceptor: Prephenate

Figure24 TLC of assays using various putative substrates accepted by Adash.amino donony
Tyr, L-Phe, L-DOPA L-Trp, L-Ala) was incubated for 0, 5, 15 and @t with 2oxoglutarate as
cosubstrate The TLC plates were stained with 0.3% ninhysintion. Glutamate is apparently not
detectable in Omin assays and increeswith given reaction time, whereas amino donor spots
correspondingly decrease in colour depirhis allows semiquantitative estimation of turnovates.
Prephenate assays arergttured differently, since prephenate, the amino acceptoeguired aL-
glutamate excess. Results accordingBiosch and Peterse2021) Amino acids were identified in
preliminary tests usig commercial standardexcept forarogenate.

L-Tyr
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-

’ 0 and 45 min 0 and 45 min
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amino donor: L-Tyr amino donor: D-Tyr amino donor: L-Asp amino donor: L-Ser

1.
1
1

Figure25 TLC of assays using various putative substrates not accepted by A&B&R.amino donor
(L-Tyr,D-Tyr,L-Asp,L Ser) was incubated for 0 and #%n with 2oxoglutarate as cosubstrat&he TLC
plates were stained with 0.3% ninhydrin solution. Whileyr shows a glutamate spot at 45 min that is
not yet visible at 0 min, the other amino acids show no product formation even after incubation.
Results according tBusch and Petersg2021) Commercial standards are indicated.
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Glutamate
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Figure26 Verification of AaTAT amino donor substrate acceptance through OPA derivatisation and
HPLCEach curve represents thiesultingglutamate formation when using the indicated amino
donor.No formation is visible farAsp (6) and-Ser (7). The given AUCedonot reflect the specific
activity of the substrate. Results accordinggiesch and Petersg2021)

1.10Identification of arogenate

AaTAT assays contaigiprephenate and-glutamate were used to accumulate high amounts

of putative arogenate andiere subjected to TLQ\fter separation, identification was possible
using a stained ninhydrin section of the plate, leaving the remaining material unstained. The
affected area was scrapedff and extracted. Through OPA derivatization and subsequent
measurement via @IS, arogenate was detected by mgBgy. 27 a and bAn internal control
within the TLC trackshowed no arogenateAdditionally, arogenate was detedike after
doubling prephenate concentration to MM per assay and subsequent analysis byMSC

(data not shown)However, the resultafter subjection toTLC are much moggnificant
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Figure27 Identification of arogenate as OPA derivative through TLC extraction antiSCShown is
the extracted ion chromatogram for m/z 402.10 {¥], the structure of the OPA derivative is
illustrated. a Extraction of arogenate after cellulose TLC vs. controttjirsecording toBusch and
Petersen(2021)b Extraction of arogenate after silica TLC vs. cdrfinset). The structure of the OPA
derivative is shown in each case.

1.11 Identification ofa second oxaloacetate product

Since TLC as well as detection via HPLC after OPA dativatshowed that-aspartate is not
accepted, butn the reverse reaction when using oxaloacet#tes was accepted witthigh
affinity andlow turnover (ll1.1.7), oxaloacetate was also tested on TIBer staining vith
ninhydrin, it was found that another product was formed in addition to aspartate, which had
an R value corresponding to that of alaninelsai (1967) reports the spontaneous
decarboxylation obxaloaetate to pyruvate which would explain the alanine formation. An
instruction given in the Sigma product information to prepfmeshstock solutions daily was
taken as an impetus to compare old and freshly prepared oxaloacetate. The putative alanine
peak acurs in both. Due to the weak appearance, a comparison of theicdepth was not
possible(Hg. 28).
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L-Tyr L-Tyr L-Tyr L-Tyr

L-Asp
a oxaloacetate + L-Tyr b oxaloacetate + L-Tyr

Figure28 TLC analysis of two potential reaction products of AaTAT with oxaloacetatewn are
the two resulting ninhydrin stainable products of oxaloacetate as amino donomwiyin(1 mM) as
acceptor.aUse of an older stock solution of oxaloacetdi¢)se ofan oxaloacetate solution
prepared freshiymmediately prior to use. 1 represents the expectefisp (the slight shift in
comparison to the reference results from other assay componantsoptionally caused by
dissolving tha-Asp reference in 0.5 M HE€bmpare appendikig. 54 and 2 representsAla.
According taBusch and Petersg2021) modified.

To uniquelyerifythe resulting putativealanine, the amount of two assays containingr3®
oxaloacetate and-tyrosineas amino donowas separatedby TLC. As for the identification of
arogenate, part of the TLC plate was stained with ninhydrin solution. The corresponding band
to the alanine spt was scraed out, as well as a band of the same size within the TLC track, a
band above the solvent front, and the spot of the alanine referefidee samples were

extracted and derivatised with OPA solutiaith subsequent analysis by IMS (Hg. 29).
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Figure29 Identification of putative alanine spot through extraction and E@S. Shown in the upper

half is the putative alanine extracted after separation via TLC as well as two controls, one taken from
the TLC track and one outside the solvent front.\@&nbelow is an-alanine reference that was also
extracted. The peak at 22 min is thus shown to originate from the silica material. In the extracted
alanine reference (below), thistisaskeddue to the high alanine concentratidimtensity-=z; =

15594.7)

2 Hydroxyphenylpyruvate reductase (HPPR)

2.1 RNA extraction and cDNA synthesid gDNAextraction

RNA from Anthoceros agrestisuspensiorcultured cellswas extractedusing the acid
guanidinium thiocyanatg@henolkchloroform extractioraccording tocChomczynski and Sacchi
(1987) After reconstitution of dried RNA with water, integrity was checked through agarose
gel electrophoresis and concentrations ati2@im as well as the 260/280 ratio were measured
photometrically. Fig30 and Table5 show the results of an extraction dnthoceros agrestis
cells after a fiveday growth phase in CBM mediufeellskindly provided by Julia WohlAll

five sampleshowed distinct ribosomal subunit bands thre agarose gel, i.e. 28S and 18S and
faint 5S rRNABased on the best 260/280 rati¢gsee 1111.1), sample 2 was usedf synthesis

of 0 -RACHReady cDNAvhereasst YLIX S n & & dzd S-RACER2ady chRA/ (i K S
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Figure30 Extracted RNA samples froAnthoceros agrestisCells were extracteffom a five days
old suspension cell culture (CBMpjarose getlectrophoresis with ethidium bromide staining.
Distinct ribosomal subunit bands indicate RNA integrity.
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Table5 Concentration and purity o”Anthoceros agrestiRNA extraction.

RNAsample Concentration [ng/ul] 260/280 ratio
Sample 1 845 1.69
Sample 2 1255 1.82
Sample 3 915 1.64
Sample 4 835 1.94
Sample 5 915 1.73

ThegDNA fromAnthoceros agrestisuspensiorculture cellsvas extractedising the method
according toRogers and Bendicl§1985) from pooled CBM and CBzultures After
reconstitution of dried gDNA and RNase digestion, concentrations ahi@68s well as the
260/280 ratio were measured photometricalljyaple 6). All three samples had high DNA

concentrations and comparable purjtsepresented through th@60/280 ratio,ideally at ~1.8,

indicating pure DNA.
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Table6 Concentration and purity oAnthoceros agrestigDNA extraction.

gDNAsample Concentration [ng/ul] 260/280 ratio
Sample 1 931.3 1.70
Sample 2 1169.6 1.70
Sample 3 1473.7 1.72

2.2 Amplificationof cDNAand gDNAencodingHPPRrom Anthoceros agrestis

Theo @ Yy RRALCE PORas used to amplify the missing upstream and downstream cDNA
ends andwasbased on an internal consensus sequertt=ived from two fragmentgkindly
providedby Maike PeterserAmplification was successful witDNA(chapterlll.2.1.) used for
the 5“RACEPCRand with cDNAkindly provided by Julia Woll 2 NJ RACE exp&@iment
eventuallyrevealingan open reading frame of 987 bp encodin@32 residuegFig. 31 a and
b, and appendix 1)} althoughtwo largervariant of the CDS witli023 bp or1113bp would

be conceivablen two of four results However, the additional areas were not homologous
and the consensus was in favour of the shorter HAPE could be confirmebdased orthe
hornwort sequence information §zovényi et al. 20)3hat had become available in the
meantime (ttps://www.hornworts.uzh.ch/en.htm). There were matches of 99% identity
(327/328) with Anthoceros agresti©xford strain, 99% (32328) for Bonn strain and 98%
(319/327) forAnthoceros punctatusthe one amino acid differencadrinevs asparagine in
AaHPPRfound in the first two was checked over several sequeasadable from individual
sequencing of AaHPPRsparagine(AAC) was found in all sequenanipat led to the
expressible construct. An alternative candid&eatured serine(AGC). All RACE sequensing
examined also containeskrine It can therefore be asimed thatit is indeed avrong amino
acidthat appearedduring amplification with the proofreading polymeraseNevertheless, it
cannot be ruled out that this is a deviation specific to thethoceros agrestistrain used.
Overall, the sequence transcrithevith this enzyme was of considerably better quality than

the variants transcribed without proof reading activity.

After severahttempts to generate the fullength sequencevia cDNA were unsuccessfilie
attempt with gDNAsucceededappendix1.5). Apparently the sequence lengtion the gel
(evident inAg. 31d) appears slightlyargerthan 987 bp. A second PCR experimgmiwed a
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comparable patternThe fulllengthseemedalsoslightly largein comparison to thet000bp
marker band(appendix Hg. 55). Since no proofreading polymerase was used here, the
approach was not followed further. However, despite the offset, no introns viered in any

of the sequencing runs, neither in the regular flelhgth amplification nor in additional

experimentusing the norproofreading enzyme.
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Figure 31 PCRamplification of AaHPPRa p -QACE PCR using two different gspecific primers

primer 2 containing a second ATG codiom-QACE PQGHultlength gradient PCR targeting the 987

CDS usiné\a gDNAd Restriction digest of plasmid DNA harbourisgHPPRexemplaryshown to
visualisethe band size, as corresponding PCR amplification was only visible by eye and could not be
captured photographically{indicated through frame)Agarose gel electrophoresis with ethidium

bromide staining.
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Blastp analysi§Table 7)of the translated aa sagence showed high identity witkequences

from the mossesSphagnummagellanicum and@®hyscomitrium patenshe latterannotated as

HPPRIn contrast toblastsearches forAaTAT HPPRike sequences fronKlebsormidium

nitensand Selaginellamoellendorffiiare notpresentin the evaluationFurther aainotated as

HPPR arélentha x piperitaand Prunella vulgarisboth Lamiaceae, and ther@ssHordeum

vulgare Other vascular plants, i.ddelianthus annuuysRosa chinensisare annotated as

glyoxyldae/hydroxypyruvate reductase or less specific msomer specific ydroxyacid

dehydrogenaseActinidia rufg, the respective enzyme family of H(P)RB®gerall(inclusion of

100 sequenceshll percent identities ranged around 58%.

Table7 Blastp results (18/07/2022)Comparison of AaHPPR aa sequence with seseledtedspecies

of interest.
Organism Description Accession Identity | E value
Sphagnum hypothetical protein
magellanicum CY35_10G030100 KAH9549638.1 57.68% | 6E-106
Camellia hydroxyphenylpyruvate | v o 556197415 | 5949% | 1£103
sinensis reductaselike
Physcomitrium hydroxyphenylpyruvate XP_024392873.| 54.60% | 15102
patens reductaselike
Heliarthus glyoxylate/hydroxypyruvate 0
annuus reductase A HPR2 isoform X1 XP_021997110.| 56.65%| 5&100
Actinidia rufa | CiSomer specifie-hydroxyacid | ~e)64165 1 | 56960 | 38101
dehydrogenase family protein
Fragaria vescal PREDICTED:
sugs vesca glyoxylate/hydroxypyruvate | XP_004302898.| 57.5%% | 6E100
P reductase A HPRike
Hordeum hydroxyphenylpyruvate
vulgaresubsp ydroxyphenypy XP_044975494.| 57.59%| 1E99
reductase isoform X1
vulgare
Rosa chinensig  dYoxylate/hydroxypyruvate |, 551180915 1 56.960%| 3899
reductase A HPR2
Mentha x hydroxyphenylpyruvate AVZ47166.1 | 58.54%| 3E99
piperita reductase
Prunel_la hydroxyphenylpyruvate AJWS7633.1 | 57.91%| 6E99
vulgaris reductase

The Conserved Domain Search (CDD) revealed the expattgthe properties, such dke

NAD(P)H+HNAD(P) binding siteand the catalytic siteonsistent with the aresidues(Arg,

His and Glujletected byJaniak et al(2010)for the crystallsed ColeusblumeiH(P)PR.For a
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detailed elaboration onthe motifs, amino acids involved, and special featunasjuding
comparison to several plant HPPRge chapter 111.3.3. Additionally, Parwise Sequence
Alignment (EMBOSS Needfwotein) states56.1% identity and70.7% similarity of AaHPPR
with Coleus bluméi(PPR(CAD47810.2 an enzyme already enzymatically characterised with
proven HPPR activityut with comparable specific activity and even higher affinity for-non

aromatic substrates like glyoxylate and hydroxymate.

To prepare for enzyme expression, the pDrive plasmid harbouring the HPPR CDS was cut with
two restriction endonucleases to allow unidirectional ligation and was introduced into
pETF15b (Novagen)After verifying the correct sequenceéhe pETF15b harbouringthe full-
lengthAaHPPRvas introduced intde. coliSoluBL21 (Amsbiolhe protein mass, including the
N-terminal Histag sequence (His was predictedo be 36.88 kDa.

2.3 Expression of HPRfRm Anthoceros agrestis

TheE. coliSoluBL21 cells containing pE3b harbouringAaHPPRwvere incubated for at least
16h at 25°C inLB medium oif B medium after induction with mM IPTGAIl experiments
concerning preliminary tests including pH and temperature optinwene carried out with
enzyme expressed iBBmedium, substratesaturationkineticsand remaining experiments in
TB medium A negative control with cells containipgF15bwithout AaHPPRvas performed
in parallel. The isolated crude extracts were furthesubjected to metal chelate
chromatography andouffer exchangeand were analysed by SIPAGE(FHg. 32), which
demonstrated successful protein formaticemd a molecular massf just above 3%Da

comparable to the calculated 36.&®a (including Hitag) valie.
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Figure 32 Exemplary @&pression of AaHPPR iB. coliSoluBL21SDSPAGE ofAaHPPR with crude
extract, waslng fractions, elution fractions and PID fraction (left). SDBAGE emptyector control
and the corresponding fractions. In place of the RIfraction a positive control of CEPIPRis shown
(right). HPPRsamples revealdistinct band at the correspondingestimated molecular weight
(36.88kD3.

An initial assay for enzyme activity with crude extract was succe$gfuB@). The reaction
showed an increasing pHPL peak for 5, 10 and 20 min, dwarfing the reaction of the empty
vector control.A CbHPPR assay was also run for 20 min and measured, which could confirm
the reaction productin addition to a pHPL referenceAs shownin Figure34, the purified
enzyme was also active. However, it became apparent eatlthaha side peak or impurity
appearing in the chromatogram at the site of the analyte, made further measurements
difficult, especially linearity tests with short incation times and especially with small
substrate concentrations used, which resulted in analyte peaks that were not fully
pronounced Attempts to adjust the solvent, the column or to omit test components, i.e. DTT,
ascorbate, did not lead to any significaativantage. The results listed in the following
chapters on pH and temperature optimum could still be carried out using the HPLC method
but without DTT and ascorbate additiofhe following kinetics were then performed

photometrically
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Figure33 Activity of AaHPPRrude extractand empty vector control with pHPP after up to 20in
and CbHPPR positive contrdissays were analyséy HPLC at 280m, 30% methanol, 0.01%P0.
aAssays of AaHPPR crude extract after 0, 5, 10 anuir2ith significat activityand CoHPPR assay
(inset)with purified enzyme for O and 2@in as reference for the HPPR reactximpty vector control
after 0 and 20min with slight activity and 100M pHPL reference (inset).

absorbance UV 550 nm [AU]
=
o

time [min]

Figure34 Activity of AaHPPR purified enzyme with pHPP after up todis. Assays were analysed
by HPLC at 280m, 30% methanol, 0.01%P0. The purified enzymehowed distinct activity
however, the chromatogram reveals an emerging problem of the HPLC analy®&s {slred). The 0
min controlrevealsa peak at the position of the analyte, which interferes with the evaluation of
measurements with small resulting peaks.

2.4 pH optimum and temperature optimum of AaHPPR

Assays with purifiedhaHPPRnd KPi bufferrevealed a pH optimum of 7-0.5 (Fig. 35 a)
Accordingly, the buffer for determining the temperatuoptimum waskept at pH7. Due to
the standard deviation, the resulting temperature optimum is set in the large rang@®.@f

49.5°C but withan absolutemaximum at 44.4C(Fig. 35 h)All subsequent experiments were
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carried out at 30Cto avoid enzyme damage during prolonged jomeubation and to avoid

negative effects on substrates.
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Figure35 pH optimum (a) and temperature optimum (b) of AaHPR# optimum wasetermined
using KPi buffer systeffiemperature optimum was determined at pHMeans of 4 determinations
SD

2.5 Implementation ofa photometric methodor HPPR activity determination

The photometric charactesation of AaHPPR is based on the quantification of (RADIn its
reduced form, NAP)H exhibits an additional abgmion maximum at 340 nm compared to
the oxidsed form. With continuous measurement, an NAB&suming reaction can be
detected over timghrough thecorrespondinglecreasen absoption. Based ora direct linear
relationship between NAD(P)H concentration andasured absation, the quantification is
then performed by a suitable NAD(P)H standafthe characteristic feature in the
determination of aromatic xoacids such as pHPP is the high inherent adtisor of the
substrates. One solution is to shift the nsmement wavelength to 380 nm. A useful side
effect is that the absgation of NAQP)H in saturation isorrespondingly lowelOtherwise, the
linear correlation between concentration and absorption would not be given with saturated

NAD(P)HHg. 36). Saidadjustmentwasadopted fromJaniak2007).
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Figure36 Photometric spectra of several assay component€a@amponents othe standard assay, i.e.
NADPH, pHPP and (denatured) enzyme, and the reaction productipRiétditional substrates (DHPP,
PP, 4H3MPP) and products (DHPL, PP). The 340 nm NADRti@bataximum is evidenthut the
multi-substituted aromatic xo acids (DHP, 4H3MPP) still exhibit high abption in this area
Dashed (b) is the 1 mM NADPH concentratiors #pparenthat a continuous measurement at 340

nm would not be possibl The shift to380 nm combines the advantages of lower NARBsbIption
as well agxclusion of the influence of other test components.

In preparation for thedetermination of thesubstrate saturation kinetics, the appropriate
enzyme concentration to be used was deteéned and the linear relationship between
concentration and measured abgdion was confirmed. At the same time, it was
demonstrated that no significant abguiion decrease was measurable when the enzyme was
replaced with the empty vector contr@Hg. 37). Furthermore, it was tested whether NADPH
alone or with enzyme but without the presence of the substrate, incubated over a longer
period of time, leads to a change in abgtion. It could be shown that this is indeed the case
(Fig. 38) Measuring NADPH the presence of AaHPPR against a reference containing only
the buffer,detecteda decrease over 60 min. This was also the case when measuring NADPH
without enzyme addition. Thus, the change in alpgion is probably due to the NADPH itself.
This is shown Y the fact that when comparing NADPH plus AaHPPR and a corresponding
reference withdenatured AaHPPR, no further decrease in alpgion is observed. Thus, care

had to be taken for all future assays treqjuivalentNADPH is present in the references.
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Figure37 Photometric interval measurement of several AaHPPR additions vs. empty vector
control. The assays with purified AaHPPR show an approximately linear decrease ptiabstite
slope correlates with the added enzyme concentration. The empty vectutrols show no
significant activity and there is no correlation between applied concentration and slope.
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Figure38 Change of absqtion and behaviourof NADPH in different test composition3.he black
lines represent replicates of NADPH in combination with AaHPPR measured against buffer as
reference. The grey line represents NADPH measured against buffer. The dashed lines represent
replicates of NADPH in combination with AaHPPR against sspon@ing reference with denatured
enzyme.

In order to determine specific activities from the measured apson decrease, standards of
different concentrations were measured for both NADPH and NADH. The exdiaction
coefficient can be inferred dirdly from the slope of the linear regression linEhe molar
extinctioncoefficient fa NADPHFig. 39 aat 380nm was1154.95 | mol cmr! and 1099.60I
mol?! cnmrtfor NADHFig.39 b).
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Figure 39 Molar extinction coefficient for NADPH(a) and NADH(b) at 380nm. Means of 3
determinations + SD

2.6 Substratesaturation kinetics

Kineic data (Table 8)were evaluated by plotting the specific activities determined at
increasing substrate concentrations according to Midiseenten with additional
linearisation according to Han&¥oolf (Fig. 40) To obtain comparable results, a linear
decrease in absption was sought for all substrates by adjusting the incubation time,
proximity of the measurement poist and enzyme dilubn. For pHPPlinearity was easily
possible over a period afp to 20 min. For NADPH, NADH antiP, the method reached its
limitation, especially for small substrate concentratioiiwus, long linear phases could not
always be achieved fahe latter and poor slopes led to distortionsTherefore, suitable
enzyme concentrations were determined and the measurement was consistently performed
for 5 min as a compromise. Due to the susdaipty of the small concentrations to leave the
linear range more quickly, it can be assumed that the actwabkies will be somewhat lower
and Vimax vValues somewhat higheBy doing so, the arbitrary selection of the evaluated time

points was omitted irorder not to jeopardize the comparability by bias of the evaluator
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Table 8 Kinetic parameters for AaHPPRleans of 9 determinationg SD, using three independent
enzyme expressions. The-Kand Vinacvalue for all substrates is calculated from Michadlisnten

equations. For -HP, only the range up torBM was evaluated due to substrate inhibition.

Varied Constant
K [MM] Vimax[mkat/kg] Keat [S1] Kead Km [MM1sY]
substrate substrate 2
pHPP NADPH 1.79 + 0.46 7.80 £ 0.67 0.29 + 0.03 0.18 £ 0.04
NADPH pHPP 0.090+0.03 15.84+ 2.33 0.58 + 0.09 6.86 +1.63
NADH pHPP 0.39+0.35 4.02+1.41 0.15+0.05 0.55+0.33
I HP NADPH 0.43 +0.16 3351.0 +1001.3| 123.59 + 36.93 305.86 + 95.22

To determine kinetic data forpHPP and -HP, the cesubstrate NADPH was added at
saturation (1ImM), for determination ofthe values foNADPH and NADH 28M pHPP was
added.pHPP was tested at concentratioosup to 25mM, resulting ina kn-value of1.79 +
0.46mM and Vmax of 7.80 = 0.67mkat/kg, resulting ina catalytic efficiencyof 0.18 + 0.04
mM-1st. Hydroxypyruvatetested in concentrations up to 6 mM, was accepted with much
higher affinity (Kn 0.43 + 0.16nM) and was rapidly converte(Vmax 4.02 +1.41 mkat/kg),
resulting in acatalyticefficiency 0f305.86 + 95.22nM-'s'. However, it should be noted that

at concentations exceeding2 mM a steady decrease in reaction rate is observed, probably
due to substrate inhibition. This woulchply that the actualKy value should beconsidered
higher. NADPH exhibited both higher affinity,{R.090 £ 0.03 vs.K0.39 £+ 0.35nM) and
higherVmax(15.84 + 2.33 vs. 4.02 + 1.4kat/kg) compared to NADHw~hich was reflected in

an approximately 1Zold higher catalytic efficiency Table 8). As mentioned above, the
photometric method reached its limits when measuring NADPH, NADH adg. To test
whether the evaluation of the complete incubation time leads to large deviations, an
evaluation for the first 100 s was performed for NADPH. The resGt8.06+ 0.01mM and

Vmax 18.31+ 0.56 mkat/kg, are comparable to the values already mentioned for NARR¢H

are consistent with the expectation that affinity and maximum reactiates are likely to be
somewhat higher The decision for this mode of evaluation should therefore not have a

significant influence on the validity of the results.
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Figure40 Plots of AaHPPR activities for different substrates. ad-hydroxyphenylpyruvate with
NADPHb hydroxypyruvate with NADPld NADPH with 4ydroxyphenylpyruvated NADH with
4-hydroxyphenylpyruvate. Fa, ¢ and d MichaelisMenten plot and Hane®Voolf plotare shown.b
only depicts theMichaelisMenten plot, once show for concentrations of up to 6 mM (left) and
evaluated for a peak concentration ofidM. Means of 9 determinations SD, using three independent
enzyme prepeations.
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2.7 Verificationof the stereospecificity ohaHPPRependent pHPP reduction

Since HPPRs characterised s D-isomerspecific 2hydroxyacid dehydrogenasethe
stereospecificity of theeactionhad yet to beverified. For this purpose, a completed enzyme
assay was separated via TLC, @heascorreponding to the pHPL formed were scraped out
and extracted. After a prpurification on a norchiral column, a comparison was made on the
chiral column against the commercially availablsomer and the racemate. €lresults(Fig.

41) demonstrated that on} the b-isomer is formed by AaHPPR.

Q
B |

O

31.84

44,96

P

@]
Q.
32.14

46 .46

..................................................................................

Figure4l Determination of HPPR stereospecificity through chiral HPC@romatograms obL-pHPL
(@), L-pHPL (b), pHRiroduct of heterologously expressesbBHPPR (c) and blend of b andd}. No
commercialb-pHPL standard was availabtbus the D-enantiomer specificity can be confirmed by

exclusion of the-form.
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2.8 Substrate acceptance and product verification

The disadvantage of photometric measurements in contrast to chromatographic methods
the invisibility of the analyte. In particular, because in this case the measurement is indirect,
recording thedecrease in NADPH concentration. Whether this decrease takes place via other
influences and no product at all or sordéferent product is formedis not visible duringhe
measurementToidentify the reaction productgphotometric measurements were perined

for 4-hydroxyphenylpyruvatdpHPR, 3,4-dihydroxyphenylpyruvateQdHPP, phenylpyruvate

(PB, pyruvate (P) and hydroxypyruvate(l -HP which were then processed and analysed by
LCMS. All substrates were thereby tested a second time using empty vdotg@rove the
involvement of AaHPPRhe acceptance of all substrates investigated could be demonstrated.
While pHPP4H3MPP, PP andsRow an approximately linear decreaskabsoption, this is

not the case forDHPP and -HP (Hg. 42). LGMS analysis detged the formation of the
corresponding products of the four aromatic substrateghereas lactate (product of
pyruvate) and glycerate (product of hydroxypyruvat®uld not be detected (Figd3).
Commercial standards were used for comparison, with the exception of

3,4-dihydroxyphenyllactate, which was prepared by hydrolysis af RA
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Figure 42 Exemplary eactions of various tested potential substrates (12/mM) with purified
AaHPPR (circles) anémpty vector control (squares). ad-hydroxyphenylpyruvateb 3,4-
dihydroxyphenylpyruvatec phenylpyruvated pyruvate e 4-hydroxy3-methoxyphenylpyruvatef
hydroxypyruvate This is a qualitative analysi$he curves of3,4-dihydroxyphenylpyruvate and
hydroxypyruvateare no indicator for the reaction ratsincelinearity is not given.
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Figure 43 Detection of the product formed by LG®IS after reaction of AaHPPR with various
substrates. aReaction of pHPP results in detectablaytiroxyphenyllactate (m/z 181.05)Reaction

of DHPP results in detectal8ed-dihydroxyphenyllactate (m/z 197.044H3MPP results in detectable
4-hydroxy3-methoxyphenyllactate (m/z 211.06)PP results in detectable phenyllactate (m/z 165.05).

The respective comparative analysis with empty vector is shown below the chromatogram and
standardis shown (inset).

3 Hydroxyphewlpyruvate reductase 2 (HPPR2) apdroxypyruvate
reductasg HPR)

3.1 RNA extraction and cDNA synthesis

RNAfrom Anthoceros agrestsuspensiorcultured cellsvas extractedising acid guanidinium
thiocyanatephenokchloroform extractioraccording taChomczynski and Sac¢h®87) After

reconstitution of dried RNA with waterintegrity was checked through agarose gel
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